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Abstract of the Dissertation

Measurement of the W boson Mass using
Electrons at the Edge of D@ Central
Calorimeter Modules

by
Yaroslav Kulik

Doctor of Philosophy
in

Physics

State University of New York
at Stony Brook

2001

We present a measurement of the W boson mass in proton-antiproton
collisions at /s = 1.8 TeV based on a data sample of integrated luminosity

82 pb™! collected by the DO detector at the Fermilab Tevatron. We utilize
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ev events in which the electron shower is close to the edge of one of the
32 modules in the DO central calorimeter. The electromagnetic calorimeter
response and resolution in this region differs from that in the rest of the
module and electrons in this region were not previously utilized. We deter-
mine the calorimeter response and resolution in this region using Z — ee
events. We extract the W boson mass by fitting to the transverse mass and
the electron and neutrino tranverse momentum distributions. The result is
combined with previous D@ results and we obtain an improved measurement

of the W boson mass of My = 80.483 £ 0.084 GeV.
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Chapter 1

Introduction

The study of the properties of the W boson began in 1983 with its discovery
by the UA [1] and UA2 [2] Collaborations at the CERN pp collider. Together
with the discovery of the Z boson in the same year [3, 4], it provided a
direct confirmation of the unified description of the weak and electromagnetic
interactions, which together with the theory of the strong interaction (QCD),

now constitutes the standard model.

Since the W and Z bosons are the carriers of the weak force, their prop-
erties are closely coupled to the structure of the model. The properties of
the Z boson have been studied in great detail in e*e™ collisions at LEP and
SLC. The study of the W boson has proved significantly more difficult, since
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DO combined W mass [§] 80.482 £ 0.091 GeV

CDF combined W mass [9] 80.433 £ 0.079 GeV
Tevatron W mass [15] 80.452 + 0.062 GeV
LEP combined W mass [14] 80.446 + 0.040 GeV

World Average (direct W mass measurements) [14] | 80.448 + 0.034 GeV

Table 1.1: List of recent W mass measurements

it is charged and so can not be resonantly produced in a eTe™ collider. Until
recently its direct study has been the realm of experiments at pp colliders
(5, 6, 7, 8, 9]. Direct measurements of the W boson mass have also been
carried out at the CERN ete™ collider LEP2, using non-resonant W pair
production [10, 11, 12, 13]. A summary of these measurements can be found
in Table 1.1. CDF measured the W mass in two decay channels: uv and ev.
The total number of W events from both channels exceeds the DO statistics
and helped to achieve a smaller uncertainty, though D@ has a better single
channel W mass uncertainty. Four LEP experiments (ALEPH, DELPHI,
L3, OPAL) directly measured the W mass from W pair production and sub-
sequent decay in to qgqq, qqlv; and [ 7't vp. The uncertainties from each
experiment individually is about 77 MeV, but the combination of four of

them results in an impressive 40 MeV.

The standard model links the W boson mass to other parameters. As

2



described in the later chapters, in the standard model W boson mass is de-
termined by three precisely measured quantities: the Z boson mass M, the
Fermi constant Gz, and the electromagnetic coupling constant a evaluated
at Q? = M% and the radiative corrections. Higher order corrections are dom-
inated by loop diagrams involving the top quark and the Higgs boson. The
measurement, of the "W mass contrains the size of the radiative correction.
With a measured top quark mass, this gives a constraint on Higgs boson

mass.

A measurement of the W boson mass (Myy) thus constitutes a test of the
standard model. In conjunction with a measurement of the top quark mass
[16, 17], the standard model predicts My, up to a 200 MeV uncertainty aris-
ing from the unknown Higgs boson mass. By comparing the standard model
calculation to the measured value of the W boson mass, we can constrain
the mass of the Higgs boson, the standard model source of electroweak sym-
metry breaking, which so far has not been discovered. A discrepancy with
the range allowed by the standard model could indicate new physics. The
experimental challenge is thus to measure the W boson mass to sufficient
precision, about 0.1%, to be sensitive to these corrections. Figure 1.1 shows

current constraints on the mass of the Higgs boson from the world W mass



Run Ta DO W mass (1991-1992 data) [6] 80.35 £ 0.25 GeV
Run Ib DO CC W mass (1994-1995 data) [7] 80.43 £ 0.11 GeV
Run Ib DO EC W mass (1994-1995 data) [8] 80.691 £ 0.227 GeV
Combined DO Run I W mass (1992-1995 data) [8] | 80.482 £ 0.091 GeV

Table 1.2: List of DO W mass measurements. Two Run Ib measurements
utilized electrons detected in the Central Electromagnetic Calorimeter (CC)
and Forward EM calorimeter (EC).

and top quark mass measurements.

In this work, I describe the measurement of the W boson mass conducted
with the DO Detector [18]. It is, seemingly, the last in the series of DO W
mass measurements which uses the data collected in 1992-1995 with the
D@ detector at the Fermilab Tevatron pp collider. The other measurements
are listed in the Table 1.2. All of them used the W — er decay channel
with the electron detected in either the end electromagnetic (EM) calorime-
ter (ECEM) or central EM calorimeter (CCEM). We continued to exploit the
W — ev decay channel with the electron detected in the DO central electro-
magnetic calorimeter (CCEM). However, in this thesis we concentrate on the
narrow region of the CCEM where EM response is thought to be different
from the rest of the calorimeter. Events with the electrons in that region
have not been utilized before, for that reason. However, there are many sim-

4



ilarities between this analysis and the previous CC analysis. The theoretical
calculations behind the Monte Carlo simulations of the production and the
decay of the W boson are the same, and the model describing the hadronic
recoil is the same. In this dissertation, I will focus primarily on the parts
of the analysis which are different from the previous CC measurement. The
CC measurement has already been well documented in two theses [19, 20].
In this dissertation, I will give a detailed account of the original parts of the
measurement, but will only mention and give brief overviews of the details of

the work unchanged from the CC analysis.



806 ! ! ! [ I I T [ T T T T T T
: — LEP1, SLD, vN Data
80.5; 68% CL
>
o
O 80.4-
=
&
80.3
mH [Ge . . -
80.2 11 300 10007 IPIrelllmllnalry
130 150 170 190 210
m, [GeV]

Figure 1.1: The indirect measurements of My, and m; (LEP-I+SLD+vN
data) (solid contour) and the direct measurement (pp colliders and LEP-II
data) (dashed contour). In both cases the 68% CL contours are plotted. Also
shown is the Standard Model relationship for the masses as a function of the
Higgs boson mass.



Chapter 2

Theory

2.1 Introduction

To extract the W mass from a sample of W candidate events recorded at DO ,
we generate predictions for several kinematic spectra as a function of the
W boson mass. These predictions are then compared to the corresponding
spectra from the data. The mass is measured by choosing the prediction
which best matches the data. This chapter gives a brief overview of the
theory behind these calculations. The purpose is to introduce basic terms
and highlight the key dependences of the W boson mass on the observable
quantities that this analysis uses. The detailed description of the theory

7



of the weak and electromagnetic interactions in the standard model can be

found elsewhere [21].

2.2 Standard Model of Electroweak Interac-

tions

The standard model of electroweak interactions is based upon the SU(2), x
U(1) local gauge group. L means that SU(2) acts only on the left-handed
components of the lepton and quark fields. Left-handed means the particle
has negative helicity. Helicity is the projection of the spin along the direction
of the momentum. All known left-handed leptons and quarks are combined
into doublets and right-handed fields in singlets on which a symmetry group

acts and as follows

) ) y €Ry MR, TR, VeR; VuR, VrR

L L L

The subscript R refers to the right handed component of the fields. In
the same manner, the quarks are divided into the doublets and the singlets

8



as

) ) , UR, CR, tRa dR7 SR, bR
d s’ v

L L L
The prime on d,s and b indicates that the quark mass eigenstates are not
the same as the weak interaction eigenstates. The weak eigenstates may be
written as a linear combination of mass eigenstates. In the theory with only

two families (which existed before discovering the third generation), the d’

states could be expressed as

d =d cosfc + s sinfg

where 6 is known as the Cabibbo angle and regulates the mixing between
the families. The full three generation matrix is called the CKM matrix and

is named after Cabibbo, Kobayashi and Maskawa.

d Vud Vea Via d
8’ = Vus ‘/CS ‘/Yts S
v Ve Voo Vi b

The inclusion of the abelian U(1) group incorporates the electric charge into



the theory. The SU(2), x U(1) group yields two charged and two neutral
gauge bosons. The bosons must be massless in order for the theory to be
renormalizable. Through the Higgs mechanism the symmetry of the SU(2), x
U(1) is broken and the charged (W*) and neutral (Z) bosons acquire mass

with the photon () remaining massless.

The Higgs mechanism introduces to the Standard model four Lorentz
scalar fields conforming to SU(2)xU(1) symmetry and thus organized into
a weak iso-spin doublet ¢ = (¢, #°) with each doublet component being a

complex field consisting of two scalar fields.

Ot = (¢ +1 o)/ V2
¢ = (3 +i¢a)/V2 (2.1)

The effective potential of such field is

V(¢) = 1*¢ " + (67 ¢°)?

where 4 is the mass term and ) is the coupling constant. If p? < 0 such
a potential has a non zero minimum in 4 dimensional ¢ ¢° space at |¢|*> =
—p?/2\ = v?. Three out of four components could be chosen freely still

10



keeping the field at minimum. In the Standard model the vacuum expectation
value is chosen at : ¢ = v and ¢; 34 = 0. Near the minimum the Higgs field

can be represented as:

v+ H
One of the degrees of freedom transforms into a scalar, neutral Higgs boson
and three others generate the masses for W+, Z° bosons. My = 1(gv) and
My = 2/g* + g2. The mass of the Higgs boson itself is V2 2. ) is a free

parameter in this theory and has to be determined experimentally.

The electroweak theory has three free parameters (besides quark and
lepton masses), that have to be measured experimentally. These are the cou-
pling strength of the SU(2) weak isospin (g), the U(1) hypercharge coupling
(¢"), and the vacuum expectation value (v) from the spontaneous symme-
try breaking. However, it is often more convenient to work with parameters

determined from low energy weak interactions. Such variables are the fine

2

structure constant oz = -, the Fermi constant G and sin? Oy, where Oy

is the weak mixing angle [22, 23].

The first two constants are known to a very high precision. The current

11



values for a(Q? ~ 0) and G are [24]

a =1/137.0359895(61)

Gr =1.16639(2) x 10 ° GeV 2

According to the standard model, at the lowest order of pertrubation theory,

the masses of the W and Z bosons are then given by

A
My = 2.2
W sin @W ( )
A
M, = (2.3)

sin O cosOw

where

or sin? Oy as

M?2
. 9 _ W
sin“Op =1— —=
M3

With a measurement of sin? Oy, the W and Z boson masses can be predicted

using the equations 2.2 and 2.3. However, the contibutions from higher order

12



loop diagrams are essential and modify Eq. 2.2 to

A
My = 2.5
"' sin Owv1—Ar (2:5)

where Ar = Ar(Muiggs; Mquarks; Mieptons, ---) incorporates the effect of higher
order quantum corrections and depends upon the masses in the theory. The
value of Eq. 2.4 is also modified because of the running of the electromagnetic
coupling constants to the scale of My;,. The mass dependence on the two most

interesting particles, the Higgs boson and top quark, enter in the following

way
Mitioos
Ar(Migiggs) o In (ﬂ) (2.6)
My
Mtop 2
Ar(Mygy) o ( MW> 2.7)

Equation 2.5 is essential in qualitative understanding of how a precise mea-
surements of the My, and M;,, constrain the mass of the Higgs. Figure 2.1
gives the two dominant examples of the self energy diagrams that go into the

calculation of Eqs. 2.6 and 2.7.

Also, in extensions to the standard model, new particles (besides top
quark and the Higgs boson) may lead to additional corrections to the value of

13



Figure 2.1: Examples of the W boson self energy diagrams involving the top
quark and the Higgs boson.

the W boson mass. For example in the minimal supersymmetric extension to
the standard model (MSSM) additional corrections can increase the predicted

W boson mass by up to 250 MeV [25].

2.3 W boson Production

At lowest order a W boson is produced through quark-antiquark annihilation
at the Fermilab collider. The interaction is described by the parton model
[26]. The proton consists of three valence quark and the multitude of the
“sea” quarks of all “flavors” — u,d, s, c,b,t. In a proton, the valence quarks
are two uw quarks and one d quark. The antiproton is composed from the
charge conjugate anti-quarks. The momentum of parton in a proton is given
by its momentum fraction (x) times the momentum of the proton. The

14



Figure 2.2: W boson production diagram

probability for a parton of “flavor” i, carrying momentum z, to be found in
the proton in the interaction at energy scale ? is called a parton distribution
function (PDF), f;(z,Q?). An example of the production of a W would be a

hard scattering of quark u from p and quark d from p as shown in Fig. 2.2

ud — W . (2.8)

The partons in the proton which do not participate in the hard scattering are
called “spectators”. The spectators cause the collision to contain hadronic
debris which does not originate from the hard-scattering process. The de-
bris usually gives extra low transverse momentum particles. These particles
are collectively referred to as the “underlying event”. The underlying event

15



for production of colorless objects (W, Z production) qualitatively resembles
events recorded in generic inelastic pp collisions. These interactions are re-
ferred to as “minimum bias” interactions. Like the underlying event, the

particles produced in minimum bias events are typically soft.

From Eq. 2.8 follows that the energy and momentum of the W boson are
given by

E = ~—(z, + 75) (2.9)

o[

P, =

[ S

(zy — 25) (2.10)

where /s is the center of mass energy of the proton-antiproton system and
T, (x5) is the momentum fraction of the quark from the proton(antiproton).

A useful quantity is the rapidity (y) of a particle which is defined to be

1 (E+P
y §ln< i L) (2.11)

E—- P

where E is the energy and Py, is the longitudinal momentum. Since, E? =

72+ m?, in the limit of m < E the above equation becomes

n=—1In <tan g) (2.12)

16



where 6 is the polar angle and 7 is referred to as the pseudorapidity. Equa-
tions 2.12 is not valid for the W boson because of the large mass but it is
valid for the decay products of the boson. By inserting Eq. 2.9 and 2.10 into

the 2.11 the rapidity reduces to

1. =z,
= —In— 2.13
y=gh (2.13)
The total cross section for the W (and Z) production as shown in Eq. 2.8

is the sum over all possible quark combinations from the proton-antiproton

system and depends on five quanities:

850(Q7 pr, Yy, ¢7 6)
0Q0p,; OydpOe

= U(Qapta Y, ¢7 6)

Where Q, pr,y, ¢, € are the W(Z) mass, transverse momentum, rapidity, az-
imuthal angle and polarization respectively. In the fast Monte Carlo that we
use to simulate the W production the differential cross section is factorized

into four terms.

0o o 0P 0P 0P
0QOpdydPde ~ Oprdy|u_ys ~ 0Q "~ 09 " Oe

17



The ¢ distribution is taken to be a uniform distribution in [0, 27).
The effective cross section is calculated as a sum over all contributing
parton flavors and the partonic cross section times the parton distribution

functions (PDF) for both p and p

o= Z/dxpdxﬁfi(%a Q%) f(25, Q)5 (i, j)

1]

where ¢ and j range over parton flavors, f; is the PDF for parton ¢ in the
proton and f; the PDF for parton j in the antiproton, and &(ij) is the
partonic cross section for process 2.8 for a given z,, 5.

The mass distribution then can be represented by

oP %
0Q La(Q) (Q? — M2,)? + QT

2
MW

(2.14)

For the line shape of the W boson we use a Breit-Wigner curve with a mass
dependent width. The intrinsic width of the W is I'yy = 2.062 + 0.059 GeV
[27]. The line shape is skewed due to the momentum distribution of the

quarks inside the proton and antiprotons. We call this term,

28 fo T @)

18



Figure 2.3: The Compton and initial state radiation diagrams which con-
tribute to the transverse momentum of the W boson.

the parton luminosity. To evaluate it, W — ev events were generated using
the HERWIG Monte Carlo event generator [28], interfaced with a specific
from the PDF libraries [29]. The event selection was subject to the same
kinematic and fiducial cuts as for the W and Z samples. The parton lumi-

nosity is approximated by function

where [ is extracted by fitting the HERWIG generated invariant mass dis-
tribution with Eq. 2.14, varying 3 as a fit parameter. The parton luminosity
is rapidity dependent so it was essential to apply the same fiducial cuts on
the decay leptons in HERWIG events as for the W and Z data.
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For the interaction shown in Eq. 2.8 the W boson does not have any
momentum transverse to the z direction (p}’), where the z axis is in the
direction of the proton momentum. All W boson events produced in pp colli-
sions have some transverse momentum due to initial and final state radiation,
gq — Wq Compton scattering, and the Fermi motion of the quarks in the
hadron. Initial state gluon radiation occurs when a quark radiates gluons
before it annihilates to produce the W boson. Figure 2.3 shows the lowest
order Compton diagrams that contibute to the transverse momentum of the
W boson. At the Tevatron the average p)¥ is about 6 GeV. At such energies
perturbative QCD is not valid and non-perturbative corrections are necces-
sary. In the Monte Carlo generation we relied on the formalism developed
by Collins, Soper and Sterman (CSS) [30]. The differential cross section as

a function of pr is given by

d’c(AB — W)
dp%dy " 4rs

/{dzbewaZVV,] (b*,Q, 2.4, w5)e 5@

P;]]yp(b’Q’QO’xA’xB)} +Y(pt,Q,l'A,l'B) (215)

Here, VT/(b*, Q, x4, 2p) includes the convolution of parton densities for par-

tons 1,7, the Cabibbo-Kobayashi-Maskawa elements, and the electroweak
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parameters. The quantity Y is the term which dominates at high P} when
perturbative QCD is valid. The F' term parametrizes the non-perturbative
physics. F'is known up to some number of phenomenological parameters. In
the Monte Carlo we used Ladinsky and Yuan’s [32] parametrization which
has three parameters g;, go and g3 which are not specified by theory and

must be measured separately

FYT(b,Q, Qo, x4, ) = exp [—6291 — g2b%In (%) — 91— g3bIn (100z425)
0

Qo is a cutoff parameter. Ladinsky and Yuan determined parameters g1, g2, g3
by fitting Drell-Yan and Z data at different values of Q. They find the values
to be [32]

g1 = 0.117003 GeV?

g2 = 0.587%1 GeV? (2.16)

g3 = —1.5%01 GeV !
for mass cut-off )y = 1.6 GeV and the CTEQ2M PDF. The W mass is
most sensitive to the parameter go. In Ref. [7] DO used its own Z data to
additionally constrain go by fitting the Z transverse momentum distribution.

In that analysis, g» found to be 0.59 4 0.10 GeV? for the MRSA’ PDF. For
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more details on the calculation of d(;i;;;" refer to [30, 31, 32] .
T

Finally the polarization term for 2.8 process is proportional to

dP gV,
= 1+
de X 2\/57 ( ’75)

The 1 + 5 term selects only left-handed component of the d field and right-
handed component of the @ field. The d is left-handed if its spin is antiparallel
to its momentum, and the %@ is right-handed if its spin is parallel to its mo-
mentum. For instance, in the du — W~ production, if d comes from the
proton the @ has to come from the antiproton resulting in the negative W~
helicity. The W bosons are produced by the annihilation of two valence
quarks, two sea quarks, or one valence and one sea quark. For sea-sea quark
combination W has positive or negative helicity with equal probability. For
processes involving valence quarks, the W~ bosons always have helicity —1.
The fraction of W’s produced from two sea quarks f,; is a Monte Carlo pa-
rameter. Using HERWIG events, fy; was found to be 0.207 [6], independent
of W the boson topology.
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2.4 W boson Decay

To measure the mass of the W boson, information must be extracted from
the particles into which it decays. The W boson decays into quark-antiquark
and lepton-neutrino pairs. Table 2.1 lists the decay products of the W bo-
son and the fraction of time that the decay occurs. The ¢g pairs have the
largest branching ratio. When a ¢q pair is produced, two jets of particles are
observed. The W — ¢ channel suffers from a huge background from direct
QCD dijet production. This leaves us with only the lepton modes. In the 7
channel, the 7 predominantly decays into hadrons making this channel diffi-
cult for two reasons. The first is the difficulty in separating the signal from
the large QCD background, and second the jet energy scale is not known well
enough to make a precise mass measurement. The muon channel also does
not allow for a precise mass measurement since the DO detector does not
have a sufficient momentum resolution for high py muons. This leaves only
the electron channel to measure the mass. The properties of the electron
from the W boson decay are discussed below.

At the lowest order the W boson has zero pr and is fully polarized along
the beam direction. As discussed in the last section, the W~ boson helicity is
+1 for sea~sea quark interaction and is negative in the rest of cases (helicity
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H Decay Products ‘ Branching Ratio H

ud,us,cs,cd 67.8%
e, 10.8%
why, 10.6%
T, 10.8%

Table 2.1: The decay products of the W and the measured branching ratios.

of the W7 is positive). The angular distribution of the charged lepton in the

W rest frame is

do
d cos 0*

o (1 — Mg cos 0)? (2.17)

where A is the helicity of the W with respect to the proton direction, ¢
is the charge of the lepton or W boson, and 6* is the angle between the
charged lepton and proton beam directions in the W rest frame. When
O(ay) processes are included, the boson acquires finite pr and Eq. 2.17 is

changed to [33]

do

Toosfos & (1+ ay(pr) cos s + az(pr) cos® fes) (2.18)

for W~ bosons with A = —1 and after integration over azimuthal angle. The
angle ¢ is defined in the Collins-Soper frame [34]. The values of o; and as
as a function of transverse boson momentum have been calculated at O(a?)
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[33]. Equation 2.18 has been implemented in the fast Monte Carlo.

Other processes that affects the mass measurement are radiative W or
7 decay, W — evy or Z — eevy. If the decay electron radiates a photon
and the photon is sufficiently separated from the electron (so that its energy
in the calorimeter is not included in the electron energy) the measured W
boson mass is biased to be low. The same is true if an on-shell W' boson
radiates a photon and therefore is off-shell when it decays. Calculations from
Ref. [35] were used in the Monte Carlo. The calculation gives the fraction of
events in which a photon with energy E(vy) > Ej is radiated, and the angular
distribution and energy of the photons. Radiation by the initial quarks or
the W boson, if the final W is on-shell, does not affect the mass of the ev
pair and have not been included in the Monte Carlo. For the minimum
photon energy Ey = 50 MeV assumed in the Monte Carlo, 30.6% of all W
decays have a radiated photon. Most of these photons, however, are emitted
close to the electron direction and cannot be separated from the electron in
the calorimeter. In the Monte Carlo, if the radiated photon is close to the
electron we add its energy to the electron. If far away, we added it to the

recoil. I will describe this approach in more detail in Chapter 8.4.

The calculation of the spin averaged differential cross section is given by
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23]

do - _ Vil (GFMVZV>2( 3 (1 + cos #%)? (219)

V2 §— M§)? + (TwMw)?
where #* is the angle between the positron and the d direction and 3 is
the center of mass energy of the ud pair. The neutrino passes through the
detector without interacting so its presence can only be inferred from the mo-
mentum imbalance in the event. Since many particles with large longitudinal
momentum escape detection through the beam pipe, only the momentum in
the plane transverse to the beam direction can be balanced. Rewriting Eq.

2.19 in terms of the transverse momentum of the lepton (py) yields

ﬁ(ug ety) = |Vaa? (GFM%/>2 1 1—2p%/s
dpy m V2 ) (8= My)?+ TwMw)? /1 — 4525
(2.20)

The divergence, when pr = %\/?, is known as the Jacobian edge and is a
characteristic of all two body decays. The edge occurs at half the mass of
the decaying particle so by knowing the distribution of the lepton transverse
momentum one is then able to measure the mass of the decaying particle.
Equation 2.20 is a calculation done at the parton level. The total cross

section is a convolution over all possible momentum and quark states and is
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given by

j (pp — e*vX) Z/ dxp/ duof,(x,) f (ac,,)dA2 (2.21)

where f,(x,) is the fraction of momentum carried by quark(antiquark) ¢(q’)
from the (anti)proton. The singularity in Eq. 2.20 is removed by the inter-
gration over the Breit-Wigner lineshape and the finite natural width of the

W boson.

A problem with measuring My, from the transverse momentum distribu-
tion of the lepton is the uncertainty in p}’. This is because the transverse
momentum of the W adds directly to the lepton momentum distorting the
Jacobian edge. The calculations of the p}¥ contain theoretical momentum
uncertainties which lead to an uncertainty on the W boson mass. py can be

measured experimentally but with poor resolution (see explanations below).

Another quantity that has a Jacobian edge is the tranverse mass (mr),

given by

mp = \/Qp%p:’f(l — cos %), (2.22)

where pif and pj are the electron and the neutrino transverse momenta. The
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transverse mass is unaffected by longitudinal Lorentz transformation (boosts)
and is only affected at the second order by transverse boosts [36]. However,
in order to compute my one has to know the transverse momentum of the
neutrino, and as mentioned above, it is not directly measured but inferred

from the transverse momentum imbalance:

the momentum of the W is equal and opposite to the momentum of the

hadronic recoil. Therefore

a4 ~e  >rec

and for measured quantities (transverse momenta),

g —rec

pr = —Dr — Dr

The measurement of the recoil momentum is very sensitive to the underlying
event, detector noise and pileup effects from previous beam crossings. All

these effects lead to the smearing of the Jacobian peak and worsened my(W)
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sensitivity to the W boson mass. To qualitively understand the effect on the

transverse W mass Eq. 2.22 could be rewritten as

mp =\ (58] + |5 + 5F<))? — (f — Free — pf)? (2.23)

Denoting a component of the recoil momentum on the direction of the elec-

tron as u)| = p;°- P and expanding the Eq. 2.23 as a Taylor series in pi*°/pr

we get the Oth, 1st and 2nd order term for the transverse mass as

mr(0) = 2p%

mT(l) = 2p% + (A (2'24)

rec)2 3u2
mT(?) = 2p§” + U/H + (pQ’II‘)%‘) 16])%-.

In this analysis, we use all three variables (p%, p% and mr) to fit for the W

mass.
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Chapter 3

The Experiment

This chapter provides a brief overview of the subsystems of the Tevatron

accelerator and the DO detector.

3.1 Accelerator

The accelerator consists of several subsystems. The detailed information is
available in [37]. Figure 3.1 shows an overview of the accelerator and the
detectors location.

The starting point for pp collisions is production of H~ ions from a mag-
netron source. The source produces a 50 mA beam of H~ ions at 18 KeV.
These ions are accelerated to 750 KeV by a Cockcroft-Walton accelerator.
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Figure 3.1: Schematic view of the Fermilab accelerator complex.

The ions from the accelerator are fed to the Linear accelerator (LINAC). It

is approximately 150 m long. The LINAC is made up of nine drift tubes

whose spacing increases along the length of the device. The ions drift inside

the tube when an alternating electric field between tubes is in the “deaccel-

erating” direction and are accelerated when they emerge from the drift tube.

The LINAC system accelerates the hydrogen ions to 400 MeV. At the end

of the LINAC the ions a stripped of their electrons by passing through a

carbon foil. The protons then are injected into the Booster synchotron and

accelerated to 8 GeV.
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The next two stages are the Main Ring and the Tevatron. Both are
synchotrons and are housed in the same tunnel. The Main Ring is made of
1000 conventional copper-coil magnets which are used to increase the protons
energy to 150 GeV. The Tevatron has a diameter of approximately 2 km. It
uses superconducting magnets immersed in liquid helium cooled to 4.6 K. In
normal operations, the protons are accelerated in 6 bunches of about 150 x 10°
protons each and 6 bunches of about 50 x 10° antiprotons, counter-rotating

in the beam pipe.

If the accelerator is making antiprotons, then the Main Ring only accel-
erates the protons to 120 GeV. This beam is then extracted and sent to a
nickel target. After the interaction the resulting particles contain a fraction
of antiprotons which are collected, cooled by stochastic cooling and stored
in the antiproton accumulator. When sufficient antiprotons are collected,
bunches are reintroduced into the Tevatron in the opposite direction to the

protons. The bunches of protons are injected.

When all 12 bunches are injected into the Tevatron, it accelerates them
to 900 GeV by a system of 53 MHz radio frequency (RF) cavities. Each
RF bucket is 18.8 ns long and the bunch spacing is 186 buckets so that the
beam crossing time is 3.5 us. There are two regions where the beams are
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allowed to collide, at the CDF and the D@ detector locations. Electrostatic
separators prevent the beam from colliding in the other four locations. The
luminous region at DO has 0 = 30 ¢cm in z and its transverse size is about

40 pm. The crossing angle is zero degrees.

3.2 The DO Detector

The complete description of the D@ Detector can be found in the reference
[18]. We give a short description of the subsystems relevant for the present
analysis. The detector (Fig. 3.2) consists of three major subsystem: the
tracking system, the calorimeters and a magnetic muon spectrometer. The
D@ global frame of reference is right-handed with the z axis along the proton

beam direction and the y axis pointing upward.

3.2.1 Tracking system

The DO tracking system consists of Vertex, Central and Forward Drift Cham-
bers and the Transition Radiation detector (Fig. 3.3).
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Figure 3.2: Major subsystems of the DO Detector.
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Figure 3.3: DO Tracking System.

Vertex Drift Chamber (VTX)

Located immediately after the beryllium beam pipe, the vertex drift chamber
is used to determine the position of the beam collision spot on a run by run
basis in the r¢ view. The beam spot position varies slightly from run to run
but negligibly within a run.

The VTX covers the region |nge;| < 1.2, where 74e; is a detector pseudo-
rapidity, calculated with respect to the nominal vertex at z = 0. The VTX
consists of three concentric cylindrical layers. Its inner radius is 3.7 cm and
the outer is 16.2 cm. An end view of one quadrant is shown in Fig. 3.4.
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Coarse Field
Fine Field

Figure 3.4: r — ¢ view of one quadrant of the VTX chamber.

Each layer is divided in azimuth into sectors. Layer 1 consists of 16 sec-
tors and layers 2 and 3 of 32 sectors. In each sector there are 8 sense wires
aligned along the beam axis, separated radially by 4.57 mm and staggered
by +£100pm in the azimuthal direction to help resolve the left-right ambi-
guity. The sense wires are read out at both ends. Each wires measures a
track point in the r¢ view from a drift time and in the rz view via charge
division from double sided readout. In measuring electrons, the zy drift time
measurement is precise enough to allow track matching in ¢. However, the
VTX rz measurement has not proved to be useful.
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The Transition Radiation Detector (TRD)

The transition radiation detector is located outside the VITX chambers. It
is intended to enhance electron identification efficiency in the central region
(Inget| < 1.0). The principle of the TRD is that a charged particle crossing
the boundary between two media with different dielectric constants radiates
photons with probability inversely proportional to the particle mass. Thus
electrons, whose mass is 0.511 MeV, radiate much more than any moun or
charged hadron. The lightest hadron is the 139.6 MeV pion, and the muon

mass is 107 MeV.

The TRD has three separate radiator packages and photon detectors ar-
ranged in concentric cylinders beginning outside the VI'X and ending to the
central drift chamber. Each radiator is made of 393 18 um thick polypropy-
lene foils immersed in nitrogen gas. Between the radiator and the radiation
detector is a gap to provide a buffer so that detector gas is not contami-
nated with the radiator gas. Figure 3.5 shows a xy view of the TRD. The
photons radiated by passing particles typically convert in the 15 mm area
outside the mylar window filled with Xe at 1 Atm. The cascade of particles
is then amplified in the 8 mm region just inside the 70 ym grid wire. The
magnitude and time of arrival of the collected charge is used to distinguish
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Figure 3.5: A cross section of the TRD.

between electrons and pions or muons.

Central Drift Chamber (CDC)

The central drift chamber consists of four cylindrical layers. It is positioned
outside the TRD and just before the central calorimeter. Figure 3.6 shows an
end view of a portion of the CDC. The chamber is located radially between
49.5 to 74.5 cm, and is 184 cm long in z. It covers the 74, range from -1.2
to 1.2. Each CDC layer is composed of 32 cells in ¢. The second and fourth
layers are offset by half the module angular size with respect to the first and
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third layers. The maximum drift distance is about 7 cm. There are 7 wires
in each cell and appropriate field sharing wires. There are two delay lines
embeded in the inner and outer shelves of each cell, seven inner sense wires
and 14 grounded potential wires. The sense wires are staggered 200 pum in
¢ to resolve left-right ambiguities. The sense wires are read out at one end of
the CDC. The r — ¢ coordinate is determined by the drift time to the sense
wires. The delay line is constructed by winding a coil on a carbon fiber epoxy
core and is embedded in the cell wall. A signal is induced upon the delay line
by the hit on the nearest sense wire. The inner and outermost sense wires
have an additional grounded potential wire to minimize the signal from the
next nearest sense wire. The delay lines are read out at both ends. The

difference in time arrival of the pulse is used to determine the z coordinate

of the hit.

The Forward Drift Chamber (FDC)

There are two forward drift chambers (FDC), located at each end of the
CDC, which provide detection of the forward tracks (1.2 < |nget| < 2.8).
Each FDC is made of two # measuring chambers with a ¢ angle measuring

chamber in between (Fig. 3.7). The 6 chambers are rotated relative to each
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Figure 3.7: View of one of the forward drift chambers.
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other by 7 radians. The ¢ chambers have a multirectangular shape. Each
is divided into four quadrants, and each quadrant contains six rectangular
drift cells. Each drift cell contains eight sense wires (in z) and one delay
line, of identical constuction to the CDC, to give local measurement of the
orthogonal coordinate. The ® chamber is divided into 36 azimuthal chambers

with wires running radially from the beam line.

3.2.2 Calorimeter

The D@ calorimeter was designed to achieve linear response with energy
and good hermeticity. The calorimeter is a uranium-liquid argon sampling
calorimeter. The signal is readout from signal boards segmented into pads to
localize signals. The pads are ganged in depth to form readout layers. The
size of the readout pads varies as a function of nge. Figure 3.8 shows the

pseudo-projective geometry of the DO calorimeter readout cells.

The DO calorimeters are housed in three different cryostats. The central
calorimeter (CC) covers the range of |nge| < 1 and two end calorimeters
cover the range of 1 < ngey < 4 (ECS) and —4 < 14 < —1 (ECN) (Fig.
3.9).
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Calorimetry principles

When a high energy electron passes through a material with a high atomic
number, the primary mechanism by which it loses energy is through Bremsstrahlung,
in which a charged particle interacts with the Coulomb field around a nucleus
and emits an energetic photon. A high energy photon interacts predomi-
nately via eTe” pair conversion in the vicinity of a nucleus. The particles
emitted in these interactions can themselves undergo Bremsstrahlung or pair
production. Thus, an energetic electron or photon passing through a dense
material will result in a shower of secondary electrons, positrons, and pho-
tons. This process is called an electromagnetic shower. The shower will
develop until all the secondaries have sufficiently low energies that ionization
becomes a more important energy loss process. The rate at which an incident
particle loses energy is a property of the material and is specified in terms of
the radiation length Xy, or the length over which an electron’s energy dimin-
ishes by a factor of e. The DO electromagnetic calorimeter consists of layers
of uranium absorbers causing the development of the EM shower. The space
between the plates is filled with the liquid argon. Shower particles passing
through the LAr causes the ionization with liberated electrons drifting to-
wards the signal boards located between uranium plates. The signal boards
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are biased by a positive voltage of 2.0 kV relative to the absorber plates.
The signal induced on all boards over the full shower is proportional to the

particles energy. The calorimeter geometry is outlined in the next section.

Central Calorimeter (CC)

The CC is composed of three types of modules. The innermost ring is the
electromagnetic calorimeter (CCEM), followed by the fine hadronic calorime-
ter (CCFH) and the coarse hadronic calorimeter (CCCH). Each calorimeter
is subdivided into azimuthal modules. The EM section consists of 32 mod-
ules, whereas FH and CH have 16 modules each. Each module extends in z
for the full length of the calorimeter. In ¢ there are small gaps between each
of the 32 modules. The gaps are about 6 mm wide. The modules consists
of several 3 mm thick absorber plates separated by a 2.3 mm gap containing
the signal boards (and sometimes readout boards) (Fig. 3.10). The signal
boards consists of a copper pad sandwiched between two 0.5 mm thick pieces
of G10. The outer surfaces of these boards are coated with a resistive epoxy
coating. The coating covers nearly the full width of the board, but is set
back by 1/8 of an inch to avoid shorts to the metallic module skin. The
gaps between the plates and the boards are filled with liquid argon. The
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Figure 3.9: A view of the DO calorimeters.
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potential of the absorber plates is kept at ground and the resistive surface
of the signal boards are kept at a positive 2000 V. A particle that enters the
calorimeter interacts with the absorber plate material and produces a shower
of secondary particles. The secondary particles interact electromagnetically
with the liquid argon producing electrons and ions. The charge is collected
on the resistive coat on the signal boards and the resulting current pulse is
capacitively connected to the readout pads. The signal boards are divided
into unit cells by cuts on the copper printed circuit pads. Several unit cells
are ganged together in depth and read out on a readout board in one of
the gaps to make one EM layer. The typical readout cell is shown in Fig.
3.10. There are 4 EM layers labelled EM1 to EM4, formed electronically
by ganging signals. The thickness of the layers in radiation length (Xg) are
2,2,7 and 10 respectively. The total thickness of the EM calorimeter is 21
Xp. Typically 20-25 X length are needed to contain an EM shower. In re-
constructing electrons and photons, four EM layers and the first layer of the
F'H section is included in the energy measurement so that logitudinal shower

leakage effects are negligible.

The readout cells are organized in pseudo-projective towers. The size
of the cell and the tower is 0.1 x 0.1 in 7 — ¢ space. The size of one EM
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Figure 3.10: Schematic view of a typical readout cell.

module in ¢ is 27 /32 rad, so that signal boards are divided into 2 ¢ pads per
module. The EM3 layer is further finely segmented into 0.05 x 0.05 readout
pads. The shower maximum typically occurs in the EM3 layer, so that the
finer segmentation allows a better measurement of the shower centroid. It
also benefits the shower shape measurements which improves the electron
identification efficiency. Module 1 has a ¢ boundary aligned with ¢ = 0. The

EMS3 is located at about r = 90 e¢m from the beam line.

The geometry and material distribution of the CCEM near the module
boundaries in ¢ is very important in undertanding this analysis. [ will return
to it again later, in the chapter describing the EM response and the resolution
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of the CCEM.

The CCFH and CCCH have an 1 x ¢ segmentation of 0.1 x 0.1. The
CCFH has three longitudinal layers of 1.3, 1.0 and 0.9 nuclear interaction
length (A4). The CCFH plates are fabricated from an uranium-niobium
alloy and are 6 mm thick copper. The CCCH has only one layer of 3.2\ 4,

and the copper absorber plates are 46.5 mm thick.

End Calorimeter (EC)

The ECs are composed of four types of modules [38]. They are the electro-
magnetic (ECEM), the inner hadronic (ECIH), the middle hadronic (ECMH),
and the outer hadronic (ECOH). Figure 3.9 shows the different module types
for the end calorimeter. The ECEM is composed of 4 mm thick circular ura-
nium disks which range from r = 5.7 cm to a radius of 84 to 104 cm. The
ECEM has four readout layers of 0.3, 2.6, 7.9, and 9.3 X,. The material in
front of the first layer increases the number of radiation lengths in the first
layer to about 2. The cell size in 1, ¢ space is 0.1 x 0.1. The third ECEM has
a finer n X ¢ segmentation than the rest of the layers in the EC of 0.05 x 0.05.
In addition, cells with || > 3.2 have a coarser segmentation of 0.2 x 0.2.
The ECIH modules are cylindrical disks of radii 3.92 to 86 cm. The fine
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hadronic portion of the ECIH contains four readout layers of 1.1\, each.
The plates are made from uranium-niobium alloy. The coarse hadronic is
built from stainless steel plates and has a single readout with 4.1\4. The
ECMH has four fine hadronic sections of 0.9\, and a stainless steel coarse
hadronic section of 4.4\ 4. The stainless steel plates of ECOH are tilted 60°

with respect to the beam axis.

Calorimeter electronics

The signals induced on the readout pads are pulses with widths on the order
of 450 ns compatible to the drift time in the LAr gaps. These signals are
led out through four ports in the cryostat to charge sensitive preamplifiers
mounted on top of the cryostats. From the preamplifiers, the signals are
led to base line subtractor (BLS) modules located in the platform below the
detector. The BLS modules perform analog shaping and split signal into two
paths. The first path is used for the level-1 calorimeter trigger ( see Section
3.2.4). The second path is used for the data readout. The incoming signal is
sampled just before the beam crossing and again 2.2 us later. The difference
is presented as a DC voltage which is proportional to the collected charge.
This difference is sent to the analog to digital converters (ADC) where, if the
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event is accepted by the level-1 trigger the signal is digitized and sent to the

level-2 trigger.

Intercryostat detectors

The region between the central and the end calorimeters is covered by scin-
tillator tile detectors. The tiles are read out with photomultiplier tubes
(PMTs). The intercryostat detectors (ICDs) are attached to the front sur-
face of the EC. The tiles have a n X ¢ segmentation of 0.1 x 0.1 to match
the cell size in the calorimeter. Additionally, rings with two signal boards (
single-cell structures without the absorber, called massless gaps) are mounted
on the face of the CCCH, the ECMH, and ECOH. The result of including of

these tiles is to improve the missing transverse energy (I, ) resolution.

3.2.3 Muon system

High energy muons typically penetrate the calorimeter without significant
interactions. The muon detector starts outside the calorimeters (Fig. 3.11).
It consists of three layers A,B, and C. Each layer consists of sets of propor-
tional drift tubes which can measure the trajectory of passing muons. The
Layer A is separated from the other layers by the large toroidal magnets.
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Figure 3.11: Side view of the muon system.
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The central toroid (CF) is 109 ¢cm thick and covers a region of |n| < 1 and
two forward toroids (EF) covering 1 < |n| < 2.5. The field magnitude is
1.9 and 2 T respectively. At n = 0 the minimum muon momentum required
to penetrate both the calorimeter and magnet iron is about 3.5 GeV. At
higher 7, this rises to about 5 GeV. The magnets bend the trajectory of the
muons with layer A measuring the trajectory before deflection and layer B
and C after deflection. The muon momentum is computed from the angle of
deflection. The momentum resolution can be parametrized as
(D)2 = (018)" + ().
P GeV
Since we consider only W — er decays in this analysis, the muon detectors

have been used only for special calibration runs selecting muons for the drift

chamber alignment studies.

3.2.4 Triggering and Readout

At the Tevatron, beam crossings occur at the interaction region at a rate of
about 290 kHz. At a luminosity of 5 x 10*cm=2s~!, an inelastic collision
will occur in about 75% of these crossings. However, the processes which
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are of the greatest interest are much rarer. Because it is not feasible to
record and process data from every crossing, there is a special system of
triggers designed to select out only the small fraction of interesting events for
permanent storage. The overall layout of the DO trigger system is shown in
Fig. 3.12. It can be conceptually divided into two hierarchical pieces: level-1
(L1) and level-2 (L2). The L1 trigger is a collection of dedicated hardware
processors which operate on a coarse subset of the event data. Most of
L1 trigger decisions can be made within the 3.5 pus interval between beam
crossings, permitting operation without deadtime. However, some triggers,
called level-1.5 (L1.5) triggers, may require more time. The goal of the L1
trigger is to reduce the event rate from the beam crossing frequency of 290

kHz to a rate of 200-300 Hz (events per second).

Once an event has been accepted by L1, the complete event is digitized
and the data transferred to one of 48 1.2 nodes. These are general purpose
computers which process events in parallel. They perform a fast reconstruc-
tion of the event, and can use general software filters to decide whether or
not an event should be kept. If L2 passes an event, it is transferred to the

host system, where it is permamently recorded on magnetic tape.

The L1 trigger has two main components: muon and calorimeter. For
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Figure 3.12: Overall layout of the DO triggering system
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more information on the muon triggers see reference [39]. The L1 calorimeter
trigger is a hardware trigger which uses information taken from the BLS
cards. The trigger tower, the region on which decisions are based, isa 0.2x0.2
region in 7 X ¢ space for n up to 4. The electromagnetic and fine hadronic
energy for each tower is available for the decision making. The energy of the
EM tower is E,, = 3; F;(EM) and hadronic tower is Ep.q = >_; F;(FH). If
the level 1 criteria is satisfied then an event is passed directly to L2 or sent

on to L1.5 for further selection (depending on the specific trigger).

L1.5 uses the same information as L.1 but clusters the two highest energy
adjacent towers into a single object. These towers can only be clustered along

the  or ¢ direction. For level 1.5 the transverse energy EX'5 and the EM

L1.5

fraction f,.

are calculated from Eqs. 3.1,3.2

Bt = 22: E;(EM) sin ©; (3.1)
i=1
5 o E;(EM)
fen” = 2 B.(EM) + Ey(Had) (3.2)

where ©; is the polar angle defined by the Z vertex and the center of the i

2 x 2 tower. If EE5 and fL1® pass certain threshold the event is sent to L2.

The level 2 trigger is a software trigger with information for the entire
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detector available to make trigger decisions. L2 runs software tools to identify
electrons, muons, jets and etc. This information is then used to generate L2
decisions. The energy of the electron candidate is taken from the 0.3 x 0.3
n X ¢ region centered about the highest E7 tower from Level 1. An electron

is identified from the transverse shower shape, electromagnetic fraction, and

S0

isolation. The isolation f-2 condition is given by
E(0.4)— E
L2
=— <0.15
E

where E(0.4) is the energy in a cone of radius R = v/An? + A¢? equal to
0.4 and E is the energy of the electron candidate. Events are written to
tape at 2-4 Hz. The events are then written to tapes and sent to offline
reconstruction farm where a reconstruction program produces the variables

used in the physics analysis.

For this analysis we used following triggers. Z boson event candidates
were selected with EM_2_MED Level 1 trigger, which requires two electro-

magnetic objects with Er > 7 GeV. The Level 2 trigger, EM2_EIS2_HI,

selects two isolated electromagnetic objects with Ep > 20 GeV.

For a W boson candidate we used Level 1 trigger, EM_1_HIGH, which
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requires one electromagnetic object with Epr > 10 GeV and the Level 2
trigger, EM1_EISTRKCC_MS, requires one isolated electromagnetic object
with the Er > 20 GeV and £ > 15 GeV.

For the W background studies we also use EM1_ELE_MON level 2 trig-
gers which is identical to the EM1_EISTRKCC_MS but does not have any

requirement on the ¥ .

3.2.5 The reconstruction program

The raw data which comes from the detector is given in terms of quantities
such as digitized counts in a calorimeter cell, counts per time bin for a track-
ing chamber wire, and so on. The program that analyzes the raw data and
identifies some physical objects such as leptons and jets is called DO RECO,
the reconstruction program.

The program can be divided into three major phases. First is the unpack-
ing and hit finding, in which the raw data is converted into energy deposits
in calorimeter cells, or pulses on tracking chambers and wires of definite en-
ergy and spatial location. Then tracking and clustering algorithms are run,
where hits pattern are analyzed to identify tracks in the tracking chambers
and clusters in the calorimeter. The last step is particle identification, in
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which information from all parts of the detector is combined to produce a
collection of objects which are candidates for being jets, electrons, or muons.
The criteria used for identifying these candidates are made quite loose so
that they have a high efficiency, but there will also be a large background.
When performing a subsequent analysis, one typically makes much tighter

selection cuts on the reconstructed objects.
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Chapter 4

Overview of the measurement

4.1 Introduction

In this chapter I present the W mass analysis using CC electrons detected
at the edge of the EM modules. The CC calorimeter consists of 32 modules
which divide the r — ¢ view into 32 segments. All previous precision measure-
ment analyses, and W mass analyses [6, 7, 8] in particular, have rejected
the electron if it passes within about 10% of the azimuthal module width
of the modules’ edges, because the EM response and resolution there differs
from the rest of the module. The points in Fig. 4.1 show the Z boson mass
distribution if one of the electrons is the “edge” region. In this distribution
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there is an excess of events below 80 GeV which can not be described by
the simple Gaussian response and resolution relevant to non-edge electron.
If the Z mass distribution of the non-edge electrons is subtracted from the
edge electron distribution then the difference can be fit with a Gaussian. On
one hand, it means that in a large number of events the “edge” electron has
the same EM response as the non-edge electron. On the other hand, in the
rest of the events the calorimeter EM response is lower. Figure 4.1b suggests
that the EM response of the “edge” electron can be parametrized by the
sum of two Gaussians. The parameters of the first Gaussian are identical to
non-edge electron ones, and parameters of the second Gaussian have to be
determined. The model introduces three new parameters: the center of the
second Gaussian or EM scale of the “edge” electron, the width of the second
Gaussian or resolution of the “edge” electron, and the fraction of events when
an “edge” electron showers according to the second Gaussian. In this disser-
tation I first investigate the accuracy and relevance of the double Gaussian
parametrization and then describe a method to determine new parameters.
I also check other aspects of the W mass analysis which can be affected by
a new EM response and resolution function. The background fraction has

to be checked because the “edge” electron’s EM shower shape might differ
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from that of non-edge electron’s, which would alter the relative efficiencies
for electrons and jets. The electron’s energy correction due to the underlying
event energy flow under the electron EM towers, and the dependence of the
electron identification efficiency on the component of recoil momentum par-
allel to the electron’s direction (U efficiency) might be different for “edge”
and non-edge electrons. The correction to the electron’s energy due to a
radiative photon, when the radiated photon is within the “edge” part of the

module and inside the coalesence radius, is studied too.

I then proceed to W mass fitting using the same approach as in previous
analyses [6, 7, 8]. Using W events with electrons at the edge of the EM
module, T fit the W boson transverse mass (m;), the electron’s p;(e) and
missing p;(v) spectra with the W mass as a free parameter. I also use Z
boson events in which one of the electrons is at the “edge” and the other
is in the CC or EC calorimeter to additionally constrain the EM scale and
resolution parameters of the non-edge CC and the EC electrons. Finally,
I combine the new W mass measurement with all previous D@ W boson
mass measurements properly taking into account the correlations between
the different measurements. I find reduced uncertainties on the EM scale and
resolution of the non-edge CC and EC electrons, because of the additional
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constraints. The combined W mass uncertainty is reduced from 91 to 84
MeV. The major part of the reduction comes from the smaller uncertainty
of the EM scale and resolution of the CC/EC electrons, rather than the
additional W event statistics, because the edge EM parameters have a large
uncertainty and the W mass is more sensitive to them than to non-edge EM

scale and resolution.

4.2 The experiment strategy

The W boson mass is measured by fitting measured distributions of the W
boson decay products (e and v) kinematic quantities such as transverse mass,
the electron transverse momentum and . with the predicted distributions.
To calculate the predicted distributions we use a fast Monte Carlo (MC)
program specifically written for this purpose. We call this Monte Carlo pro-
gram the CMS Monte Carlo after the Columbia-Michigan State groups that
developed it. The CMS MC is divided into two logical parts. First is the gen-
eration of the kinematic quantities of the W and Z decay products and the
second is simulating the detector response. The generation of the kinematic
distributions is based on the theoretical calculations presented in Chapter 2.
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Figure 4.1: Dielectron invariant mass. Z mass from non-edge CC events
(solid line) and from Edge-CC events (points). The Edge-CC distribution is
scaled so that number of events in the peak bin is the same as in the CC-CC
distribution. The figure at the bottom is the difference of the Edge-CC and
CC-CC histograms on a bin-to-bin basis, fitted with a Gaussian.
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I will describe the process of generating the W boson though the same de-
scription applies to the Z as well. The CMS is an event generator where each
event has a unit weight. First, the I/ boson mass is chosen according to the
Breit-Wigner distribution skewed by the parton luminosity (Eq. 2.14). Then
we choose a sea-sea or sea-valence/valence-valence quark interaction scenario.
If sea-sea is chosen the WW’s positive and negative helicity is generated with
the equal probability. Otherwise, the W~ has a negative helicity and W+
a positive helicity. Then CMS generates the W transverse momentum and
rapidity according to Eq. 2.15. The py — y distribution is PDF dependent
and we use the MRST PDF function in the simulation. Finally the momen-
tum of decay electron and neutrino is generated in the center of mass system
of reference and boosted along the W momentum direction. The vertex z
position is generated according to the Gaussian distribution with the width
of 27 cm. Other processes, such as radiative decays and W — 7v decays are

simulated as well.

The second phase is the simulation of the detector response. The electron
position and momentum, the recoil energy are modified to take the detec-
tor resolution into account. The step is called “smearing”. The smearing
function is parametrized by a few parameters. Many of them have been de-
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termined in the previous analysis [7]; some of them are determined in this
analysis.

We use Z events to define many of the detector response parameters.
The mass of the Z boson is known to a high precision. Using the CMS MC
we generated invariant mass distributions and compare them with the mass
distribution of the selected Z events. We then tune the Monte Carlo detector
response parameters. We choose a parameter or set of parameters to be tuned
and generate a set of invariant Z mass distributions for different values of
these parameters. We call the generated Z mass distributions the templates.
We perform a maximum likelihood fit to the data Z mass distribution and
choose the value of the fit parameter corresponding to the template which
yielded the smallest negative log likelihood.

Once we developed the adequate description of the detector, we perform
the fit for the W boson mass. We generate templates — transverse mass, the
electron pr, and neutrino pr distrubtions at different W boson mass Mjyy.
For each kind of the templates ( my, p5, or p%. template) we choose the My,
corresponding to the template that has the smallest negative log likelihood
with the data distribution. We then combined the three found My, into a

single measurement taking the correlations into account.
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Chapter 5

Triggers and data selection

5.1 Triggers

In this analysis we used events that passed one of the three triggers. The
Z boson candidates were selected with EM_2_MED Level 1 trigger, which
requires two electromagnetic objects with Er > 7 GeV. The candidate is
then passed to the Level 1.5 trigger requiring that one of the objects pass
an Ep > 10 GeV cut. The Level 2 trigger, EM2_EIS2_HI, selects two isolated
electromagnetic objects with Ep > 20 GeV. Refer to the Section 3.2.4 for

the definition of the electron isolation and EM cluster used in level 2 trigger.

The first trigger requirement for a W boson candidate was a Level 1
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trigger, EM_1_HIGH, which requires one electromagnetic object with Ep >
10 GeV. Level 1.5 then required the Level 1 object pass an Er cut of 15
GeV. The Level 2 trigger, EM1_EISTRKCC_MS, requires one isolated elec-

tromagnetic object with the E7 > 20 GeV and F, > 15 GeV.

For the W background studies we also use EM1_ELE_MON level 2 trig-
gers which is identical to the EM1_EISTRKCC_MS but does not have any

requirement on the ¥ .

5.2 Measured quantities

Electron energy

An electron is defined to be a deposition of energy in the electromagnetic
portion of the calorimeter along with an associated track in the tracking
chambers. The electron energy cluster is required to pass some loose shower
shape cuts and an electromagnetic fraction cut. The energy of the electron
is the sum of the cells in a 1 X ¢ region equal to 0.5 x 0.5 in the first five
layers ( EM1,2,3,4, and FH1) of the calorimeter, This region is called a 5 x 5
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window. The electron centroid Z. = (X a1, Year, Zear) is calculated from

7 2 Wil
‘ >0 Wi
where the sum runs over all the EM3 cells of the electron and #; is the

location of the center of the i’® cell. The weights are given by

and E; is the energy in the i cell in EM3, E is the energy of the cluster,

and the global weight wy is chosen to minimize the resolution.

Quality variables

In this analysis we used four quantities defining the quality of electron iden-
tification. The EM fraction is defined as a fraction of the electron energy

deposited in the electromagnetic calorimeter to the total electron energy

EEM

fonm = Egym + Egap’
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Egn is a sum over four EM layers and Fyap is a sum over all hadronic

layers.

The isolation is defined as

E(0.4) — EFM(0.2)

150 = =153y

E(R) is an electron’s energy collected in the four EM layers and all hadronic
layers within a cone with radius R = \/A¢? + An?. The electron’s energy

from the EM layers only is E#M(R).

The covariance matrix y? measures how consistent the shower shape is
to that expected from an electron. If one has a set of N measurements of a
i

given type, and each measurement consists of M variables z! = (z%, ..., z%,)

one can form the covariance matrix from the outer products

where 7T is the mean value of the N measurements. The H-matrix is the
inverse of this covariance matrix H = V~!. For any subsequent measurement
y one can define a y? which describes how likely is that y came from the same
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sample as the x:

The Monte Carlo electrons used to generate the matrix were tuned on the
test beam electrons. There are 41 variables used in the covariance matrix:
the energy fraction in EM1,2,4, the log of the total energy, energy in each
6 x 6 grid centered around the highest energy cell in EM3, and the vertex

position divided by the RMS of vertex distribution.

The 4-variable likelihood ratio A4 combines the information in EM frac-

tion, x?, track-EM cluster match quality variables and the track dE/dx.

The track - EM cluster match significance oy determines how well the

track found in the CDC matches with electron EM cluster and is defined as

As Az
2 _ (BS\2 B2
O-trk_((ss) +(6Z)
where As and Az are the differences between extrapolated to the third EM
layer track position (found in the CDC) and the EM cluster centroid in the
azimuthal (As) and in the z (Az) directions.
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Vertex position

The (Xyz, Yorz) of the vertex position is known very well due to the fact that
the cross-section of the beam is very small, of the order of 50 um, and varies
only slightly over the length of a data run. The Z,, is determined on an
event to event basis from the electron EM centroid and the center of gravity

(COQG) of the associated track. The vertex is given by

Rtrk
thw - Ztrk - (ZE'Mclus - Ztrk)
REMclus - Rtrk

where Ry = \/(Xo — Xoo)? + (Yo — Yie)? and a = trk, clus.

5.3 Offline Data selection

To select W and Z boson event candidates I applied the same cuts as in the
standard CC and EC analyses [7, 8] except for the cut on electron impact
distance from the module edge.

The central electrons are required to have:
o [Naet| < 1.1

e H-matrix x? < 100
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e track match significance o0 < 5 ([40])

e EM fraction > 0.90 ([41])

e electron isolation < 0.15 ([42])

° |ZEMclus| < 108 cm

o |Zyk| <80 cm (Zy is CDC center of gravity)

e The electron has to be within 10% ( 0.02 rad) in ¢ of either CC module
edge to be called an edge electron, and outside the 10% range to be
called central. T use the electron’s track center-of-gravity in the CDC

and the vertex position (z,y) to determine the ¢ angle.

The EC electron has to satisfy:

1.5 < |Naet| < 2.5

H-matrix y? < 200

track match significance oyq0 < 10 ([43])

e EM fraction > 0.90

4-variable likelihood variable Ay < 4.0 ([8])
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The edge W boson CC sample consists of events that:

e RECO versions in the range [12.13:12.25]

EM1_EISTRKCC_MS trigger

neither MICRO_BLANK [44] nor MRBS_LOSS [45] conditions should

be true.

pi(e) > 25 GeV

pe(v) > 25 GeV

pe(W) < 15 GeV

| Zyta| < 100 cm

I selected the Z sample by requiring:

e RECO version [12.13:12.25]

EM2_EIS2_HI trigger

pi(e) > 25 GeV (CC), pi(e) > 30 GeV (EC)

60 < Mee < 120 GeV

| Zyia| < 100 cm
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e both electrons are required to have a track if any of the electrons is
from the edge. If both electrons are from non-edge region, only one of

them was required to have a track.

I will follow the following convention. I will denote a non-edge CC electron
by C, an edge CC electron by C, and an EC electron by E. Thus C-C stands
for the Z dielectron sample with one non-edge and one edge electron; C-C
means both non-edge electrons and so on.

I identify three new Z samples ( in addition to old Z samples C-C, E-C
and E-E). The C-C sample is the sample with only one of the two electrons
at the CC module edge. The C-E sample has the CC electron at the edge
and the other in the EC, and in the C-C sample both electrons are edge
electrons.

The number of selected W and Z events are listed in Table 5.1. Edge
regions take up about 20% of the CCEM surface, but the number of C W
candidates is only about 14% of the C W events. One of the reasons is that
the CDC consists of four concentric layers with 32 cells in each of them. The
sense wires are located in the middle of a cell. The middle of the cell in
any layer is aligned with the edge of a cell in the adjacent layer. The EM
module edges in ¢ are aligned with the middle of the CDC cells in some
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layers, and the edge of the cells in other layers. So the edge electrons cross
CDC cells either close to the middle or the edge of the cell, which leads to
some inefficiencies in track reconstruction. Figure 5.1 shows the effect of the
CDC track match cut on the edge distance distribution. Another reason is

that the electron identification efficiency is lower in the edge region.

CwW|CCZ|CC Z|CE Z
Events | 3853 470 47 154

CEZ|EEZ| EW |CCZ | CW
Events | 1265 422 | 11089 | 2012 | 27675

Table 5.1: Number of W and Z candidate events.
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Chapter 6

Backgrounds

6.1 Z boson background

The background to the C-C Z events consists of QCD multijet events with
jets faking the electrons. Other sources of the background ( such as ¢t —
WWbb or Wjet production with the jet misidentified as an electron) are
negligible. To estimate the background shape I applied the Z selection cuts
described above to the data sample but instead of electron quality cuts I used

anti-electron cuts to select “bad” electrons. A “bad” electron has:
e H-matrix y? > 100

e 1no matched track (o4qcx > 5.0)
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e clectron isolation < 0.15 ( same as for the “good” electron cut)
e EM fraction > 0.90 ( same as for the “good” electron cut)

The edge electron was required to be the “bad” electron and the non-
edge CC electron was required to be the “good” electron (satisfying normal
electron quality cuts described in the data selection section). In Fig. 6.1,
I plot the dielectron invariant mass of the selected events. 1 fit the dis-

tribution with an exponential function e=4mee

, giving a logorithmic slope
A= -0.064 £ 0.022 GeV. For comparison I also plot the exponential func-
tion with the slope determined for the “bad” electron C-C events ( the slope
is —0.038 GeV). We see that two exponents are statistically different, and
I used the slope determined from “bad” electron C-C sample as the QCD
background shape in this analysis.

The fraction of background events is determined from an invariant dielec-

tron mass distribution fit (Section 7.2.3) for the Z boson mass. The fraction

(in the 70 < M,. < 110 GeV range ) is calculated to be :

foep = (3.7£3.6)%

For comparison, the QCD background for C-C Z’s is (2.2 + 1.3)%.
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I also study the shape of the QCD background to C-E events. I select the
sample of dielectron events with the edge electron satisfying “bad” electron
quality cuts and the EC electron satisfying “good” electron cuts. I plot
the dielectron invariant mass distribution in Fig. 6.2. The shape of the
background M., distributions from “bad” electron C-E and “bad” electron
C-E samples are close to each other. I fit the “bad” electron C-E M,, with a
fourth degree polynomial function. The fit x* = 20/15. I then fit the “bad”
electron C-E M,. with the “bad” electron C-E parametrization function and
allow only overall normalization factor to vary. The “bad” electron C-E
parametrization fits the “bad” electron C-E data well with x*> = 8.6/18.
Therefore, I took the Z QCD background shape for the C-E sample to be

the same as for C-E Z’s and use the appropriate fitted normalization.

6.2 W boson background

The background to the edge W events has three components. The first is the
QCD multijet background in which a jet fakes an electron. The second is Z
events in which the non-edge electron is poorly reconstructed and contributes
to the £ . The last is the W — 7v, process. The W — Tu, events are
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Figure 6.1: QCD Z background. The points are the data dielectron invariant
mass from the “bad” electron C-C sample. The solid line on the top figure is
the fit with the exponential function. The dotted line on the bottom figure is
the same fit and solid line is the exponential function with the “bad” electron
C-C QCD background parameters.
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Figure 6.2: QCD Z background. The points are the data dielectron invariant
mass from the “bad” electron C-E ( top figure) and C-E (bottom figure)
samples.
polynomial function. The solid line on the bottom figure is the fit with the
above polynomial function when all its parameters are fixed to the above

values and only the total normalization is a fit parameter.
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included in the CMS Monte Carlo [19, 20] used to generate large samples of
W events.

The fraction of the background from Z events is the same as in non-edge
W events [7], because the poorly reconstructed electron in both cases is the

non-edge electron:

I 0 = (0.42+0.08) %

The shape of the background could be different because of the edge electron
EM resolution. However, if T set f}, . to zero, the fitted W mass changes
by 10 MeV, and a possible variation of background shape would lead to an
even smaller effect. In the analysis, I assumed the background shape to be
the same as in non-edge W's.

In order to estimate the QCD background I employed the same technique
as in the W EC analysis [8]. T used a sample of low K. events selected with
EM1_ELE_MON trigger. The sample is dominated by QCD multijet events at
low K, . T applied the same W candidate cuts as descibed above except that
F7 had to be less than 15 GeV, and also I applied the anti-electron selection
criteria (no track match is required and H-matrix x* > 100 ) to select “bad”
electrons and normal electron quality cuts to select “good” electrons. I then
take the ratio of the number of jets passing the “bad” electron cuts to the
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the number of jets passing the “good” electron cuts. We don’t expect this
ratio to depend on £ of the event so we assume that the ratio in the W
sample is the same. [ selected 610 “bad” electron candidates and 509 “good”
electrons which infers that the ratio between “bad” and “good” electrons in
the W sample is I % = 1.20 . T also selected 69 “bad” electron events

in the W sample which gives % = 58 QCD background events in the W

sample. It means that the fraction of QCD background events in the signal

sample is

58

—— = (1.5+£0.2
3853 ( ) %

w
fQCD =

This can be compared to fjo, = (1.3 +0.2)% for non-edge W's. In Figs.
6.3, 6.4, 6.5 I plot the transverse mass, electron Er, and K, distributions
of QCD background events ( “bad” electron events ) for edge and non-edge
electron events. The distributions are statistically indistinguishable and I
assumed that the QCD background shape for edge electron events is the

same as used in the non-edge W analysis.
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Figure 6.3: QCD W background. The top left figure is the transverse mass
from the W sample for non-edge “bad” electron events. The top right figure is
for edge “bad” electron events. The figure at the bottom is both distributions
( solid line is the edge “bad” electrons and points are the non-edge “bad”
electrons) normalized by the number of events.
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Figure 6.4: QCD W background. The top left figure is the electron Er from
the W sample for non-edge “bad” electron events. The top right figure is Er
for edge “bad” electron events. The figure at the bottom is both distributions
(' solid line is the edge “bad” electrons and points are from non-edge “bad”
electron) normalized by the number of events.
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Figure 6.5: QCD W background. The top left figure is the ¥, from the W
sample for non-edge “bad” electron events. The top right figure is f, for
edge “bad” electron events. The figure at the bottom is both distributions
( solid line is the edge “bad” electrons and points are for non-edge “bad”
electrons) normalized by the number of events.
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Chapter 7

Energy Response and

consistency checks

7.1 Introduction

This chapter addresses the critical issue of the edge electron energy response
and resolution. Edge electrons have significantly different energy response
and resolution than non-edge electrons. In this chapter I first explain the
energy response model for the edge electrons, then describe the determination
of the response and resolution functions. At the end I examine cross-checks
that demonstrate the validity of their determination.
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7.2 EM Energy Response

7.2.1 Difference between Edge and Non-Edge EM re-

sponse

Due to statistical nature of the development of the EM shower, the amount
of energy deposited in the calorimeter by the same energy particles fluctuates
and can be described by a statistical distribution. The EM response is thus
a function relating energy of the charged particle passing through the EM
calorimeter to the energy measured by the EM calorimeter on average. The

function describing the shape of this distribution is called EM resolution.

The EM response of the CC calorimeter differs for edge electrons and
non-edge electrons. I will discuss it in more detail later in this section, but
the presence of non-instrumented material and distorted electric field at the
module edges contribute to the difference. For non-edge electrons we describe
the EM response as a linear function of the “true” electron energy, using an

EM scale, acc, and an EM offset, dcc:

E;neas = QccC Eérue + 5C’C (71)
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The energy resolution is described by sampling (sc¢), constant (cce),

and noise terms (Ng¢) as following:

O'E/E:SCc/\/E@CCvc@Ncc/E, (72)

where @ means addition in quadrature. I first tried to use the same kind
of parametrization for the edge electron and wrote the EM response and

resolution in terms of cegge and ceqge:

Eéneas — aedge Eérue + 6edge
O'E/E = Sedge/\/E ©® Cedge SY NCC/E

where Seqge = Scc = 0.13 and is taken from the test beam studies [47]. The ¢,
s and N terms represent errors due to the energy loss in the non-instrumented
material, sampling fluctuations and noise contributions respectively. The EM
scale oeqqe Was determined by fitting the Z (G—C) dielectron mass distribu-
tion using a set of CMS generated templates at different Z boson masses.
The EM scale agqe is ratio of the best fit Z mass to the LEP value of 91.1869
GeV.

In Fig. 7.1 I show the EM scale versus distance to the EM module edge.
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The events in each bin were selected from the Z event sample by requiring
one and only one electron to be in that bin and the other to be elsewhere,
but not in the edge bin. This way each subsample resembles the edge sample,
where only one of the electrons is at the edge and the other is not. Events
with both electrons in the same bin were not used at all because these events
would require a separate set of MC templates (with both electrons energies
depending on the bin’s EM scale). The figure shows a clear difference between
edge and non-edge electrons. The EM scale for edge events is about 2% lower
than for non-edge events. Even when we use this modified edge EM scale
to generate the W mass templates, the fitted edge W mass is significantly
different from the non-edge W mass (Fig. 7.1). The non-edge events do not

have any clear dependence on the distance to the edge.

The EM resolution shows a similar kind of behavior. In Fig. 7.2, T plot
the EM resolution for single electron ogy; in bins of the electron’s distance
to the edge. I extract it from a Breit-Wigner convoluted with a Gaussian fit
to the Z mass distribution. The edge bin’s 0,4, is significantly higher than

the average non-edge occ.

The observed difference of the EM response of the edge electron indicates
a need for a correction. The EM scale (ceqqe) and EM resolution constant
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Z /W fitted mass versus Distance to an Edge
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Figure 7.1: Variation of the EM scale across the CCEM module. The dis-
tance d = 0.5 corresponds to the middle of the CC module. The scales were
obtained from the fit of the Z mass distribution with the CMS mass tem-
plates, using EM resolution function from Eq. 7.2. The figure at the bottom
is the fitted W boson mass. The EM scales from the top figure were used to
generate MC W mass templates.
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EM Resolution versus Distance to an Edge
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Figure 7.2: EM resolution across the CCEM module. The plotted EM reso-
lution og)s is extracted from the fit to the Z event sample broken into bins
of the electron’s distance to the CC module edge. I fit with a Breit-Wigner
function convoluted with a single Gaussian. The o), was the fit parameter.
The Z events in the edge bin were fit with the single Gaussian too.
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Figure 7.3: Z/W mass fits to the edge electron events. I fit Z invariant
dielectron mass and W transverse mass distributions with the MC mass
templates generated with the single Gaussian EM resolution function.
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term (Ceqqe) are not the same as ace and coe in the C-C [7] analysis and
have to be re-evaluated from the C-C Z data. However, the problem appears
to be more severe though than just a difference in @eqge and ceqqe values.
Figure 7.3 shows the dielectron mass from the C-C events shown with the
best fitted MC(CMS) mass template generated with the non-edge electron
EM resolution function. There is an excess of events on the lower Z mass
peak shoulder that the fit can not describe. Also, the W fit quality is poor

with x? = 56.5 for 29 degress of freedom (Fig. 7.3).

In fact there is no EM scale and resolution that would give a satisfactory
fit to the observed data. This leads us to believe that the EM response
has to be described in a different way than used in the C-C [7, 8] analysis,
and that a simple Gaussian response is not adequate. In fact the response
more nearly resembles the sum of two Gaussians with two different central
and RMS values, as noted in Section 4.1 and Fig. 7.4. To see the excess
events on the lower Z mass shoulder I subtracted the contribution from the
Gaussian with C-C scale and resolution convoluted with BW from the C-C
distribution. I used C-C events to get the shape of the Z mass distribution.
In Fig. 7.4a, I plot the observed Z mass distribution from C-C and C-C
events. The distributions are normalized so that the maximum number of
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Figure 7.4: Dielectron invariant mass. Z mass from non-edge CC events
(solid line) and from Edge-CC events (points). The Edge-CC distribution is
scaled so that number of events in the peak bin is the same as in the CC-CC
distribution. The figure at the bottom is the difference of the Edge-CC and
CC-CC histograms on a bin-to-bin basis, fitted with a Gaussian.
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events (the peaks of both figures) have the same values. In Fig. 7.4b, I have
subtracted the C-C distribution from the C-C distribution. One sees that
what is left is well represented by a Gaussian function. We conclude that the
C-C Z mass can be described as a sum of two Gaussians where the width
and the mean of one Gaussian coincides with the C-C Gaussian. Figure 7.5
shows the double Gaussian fit to the C-C Z mass. The fitted function is a
sum of two Gaussians convoluted with a Breit-Wigner. The mean and RMS
of the narrow Gaussian are fixed to the appropriate values taken from the C-C
analysis [7], and the mean and the RMS of the second, broad, Gaussian are
the fit parameters, as was the relative normalization between two Gaussians.
The background shape used was obtained in the previous section and the
background normalization was a fit parameter. The fit describes the data

very well with x? of 12 for 23 degrees of freedom.

7.2.2 Parametrization of EM response

In trying to understand the nature of the double Gaussian EM response,
I have studied the dependence of the parametrization on the H-matrix y?2,
isolation, EM fraction and track match significance variables defined above.
As a measure of the number of extra events on the lower Z mass shoulder
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Figure 7.5: The fit to the C-C Z mass distribution with the Breit Wigner
convoluted with the sum of two Gaussian functions. The mean and the RMS
of one of the Gaussian has been fixed to the C-C values.
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I used the fraction of events in a second Gaussian to the total number of

events.

For the EM fraction study, I used the C-CzZ sample and required the edge
electron to have the EM fraction in the appropriate EM fraction bin, but
applied no such constraint on the other electron. I plot the dielectron mass
distribution for each bin, and fit them with a Breit-Wigner convoluted with
two Gaussians. I then plot the fitted fraction of events in the second Gaussian
(fedge) in bins of the EM fraction. I repeat the analysis to get similar plots
in bins of H-matrix x?, isolation (ISO) and track match significance (oyqck ).
In Figs. 7.6-7.9 1 show the fitted mass distributions and in Fig. 7.10 the

observed dependences of f.45. on each variable.

The statistical uncertainty on the number of events in the broad Gaussian
is rather large, but we still can make an observation that two variables may
influence the edge EM response. One is the EM fraction and the other is the
isolation. The fraction f.44e tends to drop with increasing EM fraction. I fit
the dependence with a line to see if the slope is statistically different from

zero. The slope %J;el\‘flg; is 17 + 2.6.

The number of events in the broad Gaussian tends to increase with the
worsening of the electron isolation (Fig.7.10 top right plot) but the fit returns
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Figure 7.6: I fit the whole C-C Z sample with a Breit-Wigner convoluted
with two Gaussians and determine values of the 5 parameters : overall nor-
malization, background normalization, the mean and the RMS of the narrow
Gaussian and the mean and the RMS of the broad Gaussian. I fix these
parameters and introduce four auxiliary fit paramaters : scale factor of the
overall normalization (P1), scale factor of the fraction of events in the broad
Gaussian (P4), scale factor for the mean of the both Gaussians (P2) and the
background normalization (P3). The fit with these new parametrization of
the whole C-C Z’s returns P1=P2=P4=1.0 by the design. The plots show
the fits with this parametrization of the C-C Z’s in bins of the isolation.
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Figure 7.7: I fit the whole C-C Z sample with a Breit-Wigner convoluted
with two Gaussians and determine values of the 5 parameters : overall nor-
malization, background normalization, the mean and the RMS of the narrow
Gaussian and the mean and the RMS of the broad Gaussian. I fix these
parameters and introduce four auxiliary fit paramaters : scale factor of the
overall normalization (P1), scale factor of the fraction of events in the broad
Gaussian (P4), scale factor for the mean of the both Gaussians (P2) and the
background normalization (P3). The fit with these new parametrization of
the whole C-C Z’s returns P1=P2=P4=1.0 by the design. The plots show
the fits with this parametrization of the C-C Z’s in bins of the 2
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Figure 7.8: I fit the whole C-C Z sample with a Breit-Wigner convoluted
with two Gaussians and determine values of the 5 parameters : overall nor-
malization, background normalization, the mean and the RMS of the narrow
Gaussian and the mean and the RMS of the broad Gaussian. I fix these
parameters and introduce four auxiliary fit paramaters : scale factor of the
overall normalization (P1), scale factor of the fraction of events in the broad
Gaussian (P4), scale factor for the mean of the both Gaussians (P2) and the
background normalization (P3). The fit with these new parametrization of
the whole C-C Z’s returns P1=P2=P4=1.0 by the design. The plots show
the fits with this parametrization of the C-C Z’s in bins of the EM fraction.
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Figure 7.9: I fit the whole C-C Z sample with a Breit-Wigner convoluted
with two Gaussians and determine values of the 5 parameters : overall nor-
malization, background normalization, the mean and the RMS of the narrow
Gaussian and the mean and the RMS of the broad Gaussian. I fix these
parameters and introduce four auxiliary fit paramaters : scale factor of the
overall normalization (P1), scale factor of the fraction of events in the broad
Gaussian (P4), scale factor for the mean of the both Gaussians (P2) and the
background normalization (P3). The fit with these new parametrization of
the whole C-C Z’s returns P1=P2=P4=1.0 by the design. The plots show
the fits with this parametrization of the C-C Z’s in bins of the Otrack-
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the slope of 8.4 + 8.4, and is thus not statistically significant.

The H-matrix x? has little effect on the edge EM response (Fig. 7.10
bottom right plot). The fitted slope is 0.002940.01 and is perfectly consistent
with zero. The variation of f.qe in bins of o4, is also not significant
(Fig. 7.10 bottom left plot) with the slope of 0.1 + 0.2. We do not expect
Otrack t0 have any influence on the EM resolution unless the existance of the
second Gaussian is in part due to the tracking system. The figures indicate
that the EM calorimeter response, and not the tracking measurement, is the

source of the asymmetrical Z mass distribution.

The summary of the above observations is: “edge” electrons have a lower
EM fraction, and thus a lower energy deposited in the CCEM than “normal”

electrons.

There are two ways the EM energy can be lost. The first is when the elec-
tron deposits more energy in the first fine hadronic calorimeter layer rather
than in the four EM layers. An electron might miss some of the EM layers’
material because it goes through the gap between EM modules. The second
possibility is that energy deposited in the EM layers is not fully measured
because not all of the charge produced in the calorimeter reaches the signal
boards. Below I discuss both of these possibilities and the implications.
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Figure 7.10: The variation of the fraction of events in the broad Gaussian
(fedge) as a function of EM fraction, isolation, x? and 0. The y axis shows
how much fe4g. is different from the value for the overall c-C 7z sample. A
factor of 1 corresponds to the same fraction as in all C-C Z events. I also
show the linear fit, with parameter P2 being the slope of the line. P2 is
statistically different from zero only in the EM fraction plot.
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Figure 7.11: A view of the two neighbor CCEM modules. The signal boards
extend upto the skin but the resistive coat is set back by 1/8 of an inch. On
the drawing, I show not the actual width of the boards but only the part
covered with the conductive epoxy. The modules are supported by two end
plates mounted at each end of them. The end plates are 1/8 inch wider then
the module and that’s why there is a gap between the modules. The end
plates are not shown on the drawing.

109



The central calorimeter consists of 32 modules, each approximately 18
cm  wide at its inner radius. The module is enveloped by a stainless steel
support “skin”, which is about one millimeter thick (Fig. 7.11). The signal
boards extend almost to the skin, but the resistive coat is offset by 1/8 of an
inch and the electric field is distorted near the board’s edges resulting in poor
charge collection and charge loss. The edge region (10% of the full module at
either side) is about 1.8 cm wide. The Moliere radius (R,,) of the CCEM is
1.9 cm. On average, 90% of the electron’s shower energy is contained inside
a cylinder with radius R,, ([18], [24]) and 70% within a cylinder of half the

Moliere radius.

The electron that hits the 10% edge region will produce an EM shower,
part of which is in the area of poor charge collection, and that results in some
of the produced charge being lost. The measured energy in such a case would
be lower than the “true” energy of the electron. However, the size of the edge
region is about one Moliere radius and on average the shower’s core is narrow
and the amount of the deposited energy drops fast in the lateral direction. As
noted, on average 70% of a shower is contained within 1/2 of the R, which
is perfectly inside the good field region. So there is a significant probability
the electron’s shower is contained within that region. This results in an EM
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response no different from non-edge electrons. For such an electron the EM

scale and the EM resolution are the same as for a non-edge electron.

If energy is lost in the first scenario, the edge electron has a lower EM
fraction because it showers later due to the lack of material at the module
edge, and the electron loses less energy in the CCEM. As a result the electron
loses more energy in the first layer of the fine hadronic calorimeter. However,
that would not lead to a lower electron’s energy being measured. The EM
resolution for such electrons would be worse, but we should not see an excess

of events on the lower Z mass shoulder due to this effect only.

In the second scenario, the electron’s energy deposited in the calorimeter
is partly lost in the regions with distorted electric field. If energy is lost,
then the more it is lost the smaller the measured EM fraction becomes. The
EM fraction decreases because the amount of energy in the EM calorimeter
decreases, while energy in the fine hadronic calorimeter is not affected. The
azimuthal center of the fine hadronic calorimeter’s modules are aligned with
the gap between the EM modules, so “edge” electrons hit the middle of FH1
layer. The higher the EM fraction the more probable it is that the electron

showered "normally” and all of the charge produced by its shower is collected.

The above considerations suggests that the sample of edge electrons could
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have contributions from three groups of electrons. The first consists of elec-
trons whose shower’s charge was totally collected by the signal boards. Such
a group has the EM scale and the EM resolution consistent with the non-edge

electron values.

The second group consists of the electrons whose shower was partly lost
in the region of distorted electric field. This group has a lower value of the
EM scale, worse EM resolution, and lower EM fraction. We observe that the
electron’s H-matrix x? is not affected though (Fig. 7.7). Such a behavior
is consistent with the assumption that the electron from the second group
passes through the same amount of material and has the same shower shape
as non-edge electrons. The difference is that part of the charge produced
by the shower particles is not collected at all, or not collected in time, by
signal pads because of the distorted electric field lines at the edges of the EM

modules.

The second group of edge electrons consists of electrons which lose dif-
ferent amounts of energy. Some of them happened to be closer to the edge
or have broader shower and lost a significant amount of their energy (due
to the distorted electric field) and some lost very little. To describe the EM
response for this group one should sum over a continuous set of Gaussians
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with different means and widths. However, empirically we see that this sum
can be approximated with a single gaussian. The data (Fig.7.4) tells us that
their average EM response function could be described with one additional
Gaussian. Below I will discuss an extension to this parametrization which

tries to vary the Gaussian’s width depending on the amount of lost energy.

And, finally, the third group consists of electrons which mostly showered
in the hadron calorimeter. However, as noted, this group would have the
same EM scale as non-edge CC electrons but worse resolution, and we do
not observed this in the data (and also it would be heavily suppressed by the

selection cuts on the EM fraction and x* < 200).

The conclusion is that observed edge electrons have contributions from
only the first and the second group of electrons, and a parametrization that
could be used to describe the edge EM response has to describe both these
groups. The double Gaussian is an attractive parametrization because it
introduces only three more parameters (Qedge, Cedge and feqge) and because
data seems to suggest it. Figure 7.4 implies that the first Gaussian should
have the same parameters as non-edge electrons (and describe the first group
of the electrons) and the second Gaussian has to describe the second group
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of edge electrons. The parametrization adopted is given by

Qedge BT + Oeage, 1 feqge fraction of cases

B — (7.3)

ace B + dcc,  in (1 — feage) fraction of cases

Sedge/ VE ® Cedge B Noc/E, in feqqe fraction of cases
O'E/E =

sco/VE ® coc ® Noo/E, in (1 — fedge) fraction of cases
(7.4)

In the general case, .45 does not have to be the same as ... But
as I show later in the thesis (Section 8.1), the value of 044 is consistent
with .. and thus I take degge = ¢e. I keep the sampling term the same too
(Sedqge = Scc), and discuss the reason in Section 7.2.4. The N term arises
from uranium radioactivity and electronics noise, and should be independent

of location in the module.

To check that the first Gaussian does indeed have the same parameters
as the non-edge electron’s Gaussian I fitted the Z boson dielectron mass
distribution with a double Gaussian convoluted with a Breit Wigner, in which
both Gaussians’ mean and width were the fit parameters (Fig. 7.12). The
fitted value of the RMS and mean of the first (narrow) Gaussian are consistent
with those for non-edge electrons ( see parameter values and their errors in
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Fig. 7.12).

I have also made an attempt to invent other parametrizations. The
parametrization should be such that the single Gaussian non-edge parametriza-
tion (Egs. [7.1] and [7.2]) are obtained as limiting cases. For instance, the
double Gaussian parametrization (with the response parameters in equations
[7.3],[7.4]) transforms into the single Gaussian as the fraction of events in the
second Gaussian reaches zero. The parametrization has to be asymmetric in
energy because the excess of events over a single Gaussian appears to be on
the low mass side of the Z mass distribution. And the parametrization has to
have as few parameters as possible. Moreover, since we already have a suit-
able double Gaussian parametrization with three new parameters, any other
parametrization should have no more than three parameters. And lastly, the
parameterization has to have some physical justification. I tried to modify
a Gaussian function to satisfy the above criteria. The parametrization of
a Gaussian plus a small function would always bring us back to the dou-
ble Gaussian because that what we see in the data. I tried the following
parametrization to describe the second group of electrons, not as a separate
term in the EM response, but rather as a modification of the function itself.
The more an electron loses its energy in the gap between modules, the worse
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Figure 7.12: Top figure shows Z C-C events fitted with a single Gaussian con-
voluted with a Breit Wigner function. Parameter P2=87.41 is the mean of the
Gaussian and P3=1.79 is the RMS. Figure on the bottom shows Z C-C events
fitted with a sum of two Gaussians convoluted with a Breit Wigner function.
Both Gaussians’ mean and RMS were free fit parameters. P6=87.44 and
P7=1.51 are the mean and RMS of one (narrow) Gaussian, and P5=84.63
and P3=5.2 are the mean and RMS of the other Gaussian. The parameters
of the narrow Gaussian are consistent with the non-edge single Gaussian.
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its resolution becomes. Below is a “running” Gaussian that could describe

this:

(E_Etrue)2 ]

G(E) = const - eXp[QUQ(E_Etrue) (75)

So, if AE< T
with o(AFE) running as 0 (AE) = 0p—S-AE, where S =

0, if AE>-T
After a certain threshold 7', the RMS starts growing linearly with the de-

viation from the “true” energy. This parametrization has two parameters,
the slope Sy and cutoff paramerer T'. In order to calculate Sy and 7', I have
to implement the EM resolution parametrization in the CMS MC, gener-
ate Z mass templates and fit the C-C events for the parameters. I tried
a simpler approach first and rewrote the energy parametrization as a func-
(M—Myye)?
tion of the Z boson mass (G(M) = const - e2o>™M-Muue) ), convoluted with a
Breit-Wigner, and fitted the Z mass. The fit, shown in Fig. 7.13, is quite
satisfactory. It enhances the low mass region, leaving the upper side almost
unchanged as expected. But when I tried to put Eq. 7.5 into CMS as an
energy response function (G(F)) I fail to find any set of Sy and 7" that would
satisfactorily reproduce the C-C Z mass distribution, and I had to discard

that parametrization.
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Figure 7.13: Z C-C sample. Z mass distribution and a fit with the “running”
Gaussian parametrization (Eq. 7.5), convoluted with a Breit Wigner function.
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Another modification would be to vary the Gaussian amplitude with en-
(E-E rue)2
ergy, like G(E) = F(E — Epue) €777 Forud) . But the function F(AE) would

require at least one, or most probably, more parameters and thus would have

no benefit over a double Gaussian, and I did not pursue that path.

The double Gaussian parametrization (Eqgs. [7.3],[7.4]) is the only one
found that has relatively few parameters and describes the observed data. It
needs three parameters gge, Cedge and feqge and it is the parametrization

that I chose to use in the analysis.

We have studied the response of the CCEM near the edge of the modules
using a full GEANT simulation. The simulation is not exact, in that the
details of the signal board resistive coat, and the module skins and inter-
module gaps are not present in the MC. Qualitatively however, the response
for electrons in the edge region in the MC is similar to what is seen in the
data; there is a shoulder at slightly lower mass in addition to the peak at the
mass observed for non-edge electrons, and the fraction of events in the lower
mass gaussian is similar to that seen in the data (Fig. 7.14).
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Figure 7.14: Monte Carlo simulation of the edge EM response. The sample of
40 GeV electrons distributed uniformly across the edge region was generated
using GEANT MC. The edge region was not exactly simulated (details of the
signal board resistive coat are absent). The EM response could be fit with a
sum of two gaussians. The collected energy is lower than 40 GeV but this
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simulations yields low EM response for non-edge electrons as well.
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7.2.3 Determination of edge electron EM scale and

resolution parameters

I have modified the CMS Monte Carlo to include the above parametrization
(Eqgs.[7.3,7.4]) of the EM response of the edge electrons. Parameters cgge,
Cedge and feqge have been added, along with ogrrow and charrow to describe
the parameters of the first Gaussian. In the fits, ®,errows Cnarrow have been
fixed to the values .., c.. for non-edge electrons. The electron’s energy gets
smeared according to the second (o, ¢)eqge Gaussian with probability feage,

and by the first (o, ¢),. Gaussian with probability (1-feage).

I fit the Z mass distribution with the Z Breit-Wigner line shape convo-
luted with the response function based on the two gaussian parametrization.
The mean cgge, Ceaqge and fraction of events in the second Gaussian are the
fit parameters. I obtain a value of 0.31 for f.4., to be used as a seed value

for the fits below for aeqge and cegge-

Using the CMS Monte Carlo I generate a 2 dimensional grid in bins of
Qedge and ceqge. For each point in the grid, a dielectron mass distribution
is generated for the given 44 and ceqge, With the generated Z mass equal
to the LEP value. Each distribution is a histogram in bins of dielectron
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mass. For each oegge, Cedge bin I calculate the likelihood function between
the high statistics MC histogram and the data histogram. I normalize the
MC dielectron mass histogram to the number of events in data. For the
likelihood calculation I assume that the number of data events in each mass
bin is distributed according to a Poisson distribution with mean equal to the

number of MC events in each mass bin. The likelihood is given by:

where N is the number of bins in the mass histogram, p; is the number of
MC events in the sth bin, and r; is the number of data events in the same

bin.

For each acgge, Ceqge bin I have a —log(L) value. I find the cgge,
Cedge that corresponds to the minimum value of —log(L). Fortunately,
Qedge aNd Ceqge are nearly uncorrelated (Fig. 7.15) and I can fit for each of
them separately (having found an approximate minimum in the 2 dimensional
space). I generate a 1D grid in bins of aiegge OI Ceqge and fit the —log (L) with

parabola to find egge OF Ceqge, and their errors.

In the above 2D fits, T use a seed value of fe45.=0.31, generate a 1D
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Figure 7.15: Z C-C events. Maximum likelihood fit of the Z invariant dielec-
tron mass distibution with CMS grids in 2 dimensional (edge, Cedge) SPACE.
The top plot shows c.qge corresponding to the maximum likelihood as a func-
tion of agge. The bottom plot shows aeqge corresponding to the maximum
likelihood as a function of c.44. Points correspond to a change in the pa-
rameter when -log(likelihood) increases by one half. If the parameters were
completely uncorrelated both plots would be flat.
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grid, and fit for aegge and ceqge. To account for a correlation between f.qqe,
Qedge AN Cegge, I use the determined ciegge, Ceqge values, generate a 1D grid
in bins of f.44, and fit for the fraction using the above procedure. I then use
the newly determined f,qg¢, and refit for aegge and ceqge. I iterate until the fit
converges, and the fitted feqge, Qedqge and ceqqe stabilize. The fit converged

after one iteration to:

egge = 0.912 + 0.018
Cedge = 0.101 5528 (7.6)

fedge = 0.346 £ 0.076

Figures 7.16 and 7.17 show the fits. Using the (¢, f)eqge values from
Eq. 7.6, I then generate the dielectron mass templates in bins of Z mass and
using maximum likelihood methods fit for the Z mass (Fig. 9.1). It comes
out to be:

Mz = 91.199 4 0.203 GeV, x* =10/19

The fit didn’t exactly give the input LEP value of 91.1869 GeV (though it
is statistically consistent with the LEP value) for M, but it did not have
to. The number of parameters in the edge EM resolution model (Eq. 7.4)
is actually more than 3. It is five — three edge parameters (f, @, ¢)cqge plus
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Figure 7.16: Z C-C events. Z invariant dielectron mass distibution maximum
likelihood fit with CMS grids for ceqge and cegge. The top plot shows -
log(likelihood) as a function of g fitted with a parabola. The bottom
plot shows -log(likelihood) as a function of cegge, fitted with the third degree
polynomial. The line shows the minimum =+ 0.5 log(likelihood) range.
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Figure 7.17: Z C-C events. Z invariant dielectron mass distibution maximum
likelihood fit with CMS grids for f.4.. The plot shows -log(likelihood) as a
function of feqg. fitted with parabola.
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e and Qugrrow- When I fit for the edge EM response parameters I vary
only three edge parameters and find a local minimum in the 5 dimensional
likelihood space. The global minimum is slightly shifted because the C-C
Z sample’s ae. and ayer0n  are only statistically the same as a,. from the
C-C Z sample. So the global minimum is only statistically equal to the local

minimum.

7.2.4 EM resolution constant term

The EM resolution of the edge electrons is worse than that of non-edge
electrons and we chose to adjust ceqge to describe it. But the EM resolution
consists of three terms (noise, constant and sampling terms), and increasing
the sampling term could describe a broader resolution as well. The difference
in changing the sampling term rather than the constant term is that it would
lead to a different energy dependence of the resolution. In order to see
that c.qge and not the sampling term has to be adjusted, we divided the
7 sample into two samples — one with the edge electron’s transverse energy
Er(e) < 41 GeV and the other with Er(e) > 41 GeV. The value 41 GeV,
was chosen because it roughly divides the sample in half. The average energy
in the first sample is < Er(e) >= 36 GeV, and < Er(e) >= 47 GeV in the

127



second. I didn’t change any of the edge parameters (Qtedge,Cedge,fedge) because
I assume they are energy independent.
I generated Z mass templates using values from Eq. 7.6 and fitted for the

Z mass. The fitted Z masses (Fig. 7.18) are:

My =91.101 +0.319 GeV, x> =4.5/14,  Ep(e) < 41 GeV

My =91.064 + 0.270 GeV, x> =12/16,  Eg(e) > 41 GeV

They are in very good agreement with each other and the LEP value. So
there is no evidence that the sampling term of the edge electron is different

from that for the non-edge electron.

7.3 Consistency checks

7.3.1 Other data samples

As a consistency check I selected events that were not used in the determi-
nation of the edge electron EM parameters, but that do depend on them.
As independent samples I used C-C events (both electrons at the edge)
and C-E events (one electron from the EC calorimeter and the other from
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Figure 7.18: Z C-C events. Z invariant dielectron mass distibution if edge
electron’s B is more than 41 GeV (top figure) or less than 41 GeV (bottom
figure) fitted with CMS mass templates.
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the edge). I used the parameters from Eq. 7.6, and generated MC Z mass

distributions, and compared them to the independent data samples.

First, applying the above data selection criteria I selected events with
both electrons at the edge of the CCEM modules. We have 47 such events.
I used the edge EM resolution parameters from Eq. 7.6, generated Z mass
templates, and fit for the Z mass. Due to small statistics, I rebinned the
mass distribution with double the bins size. The resulting fitted Z mass is

(Fig. 7.19):

Mz = 90.375 4 0.328 GeV, x* =8.5/6 (7.7)

in adequate agreement with the LEP value of 91.1869.

Then, I selected C-E events. One electron was required to be in the EC
calorimeter and the other at the edge of the CCEM modules. I selected 154
events. As above, I used the same edge parameters as in Eq. 7.6. The EM
parameters of the EC electron were taken from the EC W mass analysis [8],
and have not been modified. I fit for the Z mass, and find the fitted value

in the good agreement with the LEP value (Fig. 7.20 top):

My = 91.097 4 0.416 GeV, x* =9.8/13
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Figure 7.20: C-E Z dielectron invariant mass distribution and the fit with
the CMS templates generated with a double Gaussian EM resolution ( top
figure), or a single Gaussian EM resolution ( bottom figure).
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To see the effect that the broad Gaussian produces, I also fitted the C-E Z
events using non-edge CC electron parameters. The fit quality is worse, and
Fig. 7.20(bottom) shows that the MC does not describe the data as well (but

x? is still reasonable):

My = 90.778 £ 0.408 GeV, x? = 11.7/13

7.3.2 Subsamples in EM fraction

As an important cross check I have divided the C-C sample into two groups
based on the EM fraction and fit for the Z and W masses for each group. We
have seen above (Section 7.2.2) that fe4y. depends on EMF, so we want to
be assured that our analysis, which sums over all EMF values, is defensible.
The choice of splitting the sample according to the EM fraction is motivated
by the observed dependence of f.44. on the EM fraction (Figs. 7.8, 7.10). The
first group has events with the edge electron’s EM fraction less than 0.99 (Fig.
7.21). The second — with edge EM fraction more than 0.99. The EM fraction
sometimes is more than 1 when the signal measured in the first fine hadronic
calorimeter layer is below the average pedestal. No EM fraction requirement
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was applied to the non-edge CC electron. As one would expect, the EM edge
parameters are very sensitive to the EM fraction. The higher the edge EM
fraction, the closer the parameters of the second Gaussian are to the non-
edge parameters. High EM fraction means that most of the electron energy
has been collected in the EM part of the calorimeter, and less EM shower
energy is lost in the poor charge collection part of the calorimeter. Thus it
means that the edge electron difference from non-edge electron diminishes at

high EM fraction.

I observe that the non-edge EM parameters change with EM fraction too.
The EM fraction of the non-edge electron in the above two groups was not
restricted to any EM fraction range. However, since 70% of the edge electrons
have an EM scale and resolution the same as non-edge electrons I have to
investigate the EM fraction dependence of the non-edge EM parameters too.
And so I divided the C-C sample into two EM fraction groups. One C-C
electron was required to have an EM fraction less(more) than 0.99, and the
other could have any EM fraction. I generated Z mass templates, and fitted
low and high EM fraction events separately for the Z mass. The Z masses
come out different (Figs. 7.22,7.23) from the LEP value, and I determined
the necessary extra correction to the EM scale for the low/high EM fraction
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non-edge electron.

correction to EM scale = 0.9983 + 0.0010, EM fraction > 0.99

correction to EM scale = 1.0032 + 0.0014, EM fraction < 0.99

Then, I have to find new EM edge parameters ((edge,Cedge,Sfedge) for the low
and high EM fraction edge electrons. As mentioned above, the assumed
model of edge EM response requires that the parameters of the narrow Gaus-
sian be the same as non-edge electron’s. That is why I have corrected ayarrow
by the above correction factors. Then I repeated the procedure from the
above section to determine vgge, Cedqge and feqge. I generated 1D grids in
bins of Qedge, Cedge, O fedge, and iterated until the fit converged. I found the

following edge parameters for the low EM fraction:

Qedge = 0.922 + 0.025
Cedgge = 0.163 + 0.026 (7.8)

fedge = 0.45 £ 0.08

and for high EM fraction:
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Figure 7.22: Top figure. C-C Z sample, Z mass distribution with one of
the electron’s EM fraction no less than 0.99. Bottom figure is the non-edge
transverse W mass distribution with the electron’s EM fraction > 0.99. The
dotted line on both figures is the fit with the CMS mass templates.
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Figure 7.23: Top figure. C-C Z sample, Z mass distribution with one of the
electron’s EM fraction no more than 0.99. Bottom figure is the non-edge
transverse W mass distribution with the electron’s EM fraction < 0.99. The
dotted line on both figures is the fit with the CMS mass templates.
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(ledge = 0.888 = 0.024

Codgge = 0.047 + 0.027 (7.9)

fedge = 0.25 £ 0.06
Using the above values, I fit for the Z mass and W mass . The low EM

fraction sample yields (Figs. 7.24,7.25):

My = 91.432 4 0.305 GeV, x? = 7/17
My = 80.226 4+ 0.341 GeV, x* = 65/29

and the high EM fraction events yields:

Mz = 90.959 & 0.250 GeV, y* = 12/13

My = 80.842 4 0.288 GeV, x> = 35/29

MGEME - ppLOEME — 0473 4 0.394 GeV

MFEME — MLOEME — 10,616 + 0.446 GeV

The high and low EM fraction subsample Z masses agree well with each
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Figure 7.24: Top figure. C-C Z sample, Z mass distribution with the edge
electron’s EM fraction no more than 0.99. Bottom figure is the edge trans-
verse W mass distribution with the electron’s EM fraction < 0.99. The
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dotted line on both figures is the fit with the CMS mass templates.
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Figure 7.25: Top figure. C-C Z sample, Z mass distribution with the edge
electron’s EM fraction no less than 0.99. Bottom figure is the edge transverse
W mass distribution with the electron’s EM fraction > 0.99. The dotted line
on both figures is the fit with the CMS mass templates.
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other, and with the LEP Z mass. The W mass measurements agree within
errors too. It should be noted that the above errors are statistical only. The
rough estimate is that adding systematic errors will almost double the total
error, which makes the My, results completely consistent between the low
and high EM fraction bins.

The EM scale and resolution parameters depend on the electron EM
fraction. We measure their values averaged over the electron EM fraction
distribution. However, we demonstrated that we get the same W mass for
low and high EM fraction samples. If averaging over the EM fraction range
introduced some bias on the W mass measurement, we would not have ob-
tained the same values of the W masses from distinctively different EM
fraction samples. Therefore, it is acceptable to present analysis for all EM
fraction sample if electrons from W and Z bosons have the same EM fraction

distributions, as we observe to be the case.

7.3.3 Subsamples in distance to the module edge

As another consistency check I divided the C-C Z and W samples into four
bins of distance to the edge of the module (Table 7.1). The fifth bin consists
of the edge events. I correct the EM scale of one of the Z electrons, and fit
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the W events for the W mass. I then plot the fitted W boson mass in bins

of the distance.

Distance to the edge

Edge bin | 0.0 < d; < 0.1 .or. 0.9 < d; < 1.0
Bin 1 0.1 <d; <0.2.0r.08<d; <0.9
Bin 2 0.2<d; <0.3.0r.0.7<d; <0.8
Bin3 |03<d; <04 .0r.06<d; <0.7
Bin 4 04 <d; <0.6

Table 7.1: Distance to the CC module edge of the electron in the C-C and
C-C events. d is a fraction of a module width.

Each bin covers 20% of the CC module (Table 7.1). For the Z event to
fall into any of the above bins one of the Z electrons had to be in the bin, and
the other electron could be anywhere but in the same bin or the edge bin.
This way each event falls into two bins at the same time because both its
electrons are in some bins but never in the same bin. The edge bin sample is
completely independent from the rest of the samples. For each bin, I call the
electron that satisfies the bin criteria a tagged electron. I have generated Z
mass templates and re-adjusted the EM scale of the tagged electron to make
the fitted Z mass be equal to the LEP value. All four scales are consistent
with the CC scale, and there is no remaining correlation with the distance
to the edge (Fig. 7.27). Table 7.2 and Fig. 7.26 shows the fitted Z masses
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before the CC EM scale (a..) re-adjustment. The errors are statistical only

(Table 7.2 and Fig. 7.26).
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Figure 7.26: Variation of the fitted Z mass across the CCEM module. The

distance d = 0.5 corresponds to the middle of the CC module.

Edge | Binl1 | Bin2 | Bin3 | Bin4
Z mass (GeV) 91.199 | 91.089 | 91.048 | 91.240 | 91.341
Uncertainty (GeV) | 0.203 | 0.123 | 0.124 | 0.120 | 0.135

Table 7.2: Z mass in bins of distance to the edge.

Then I divided the W event sample into the same five bins as well. Each

bin has an independent set of events because each W event has only one

electron. I used the EM scales calculated above, and fit for the W mass.
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Fig. 7.27 shows the resulting W masses and also the W mass from the edge
events. All W masses are consistent with each other (Table 7.3). The errors
in the figure and table are statistical errors added in quadrature with errors
on the EM scale. We see no evident W mass dependence on the electron’s

distance to the edge.

Edge | Bin1l | Bin2 | Bin 3 | Bin 4
W mass (GeV) 80.596 | 80.434 | 80.587 | 80.468 | 80.467
Uncertainty (GeV) | 0.234 | 0.138 | 0.132 | 0.137 | 0.161

Table 7.3: W mass in bins of distance to the edge.

As a final cross check, I further subdivided the W edge sample into four
sub-samples in bins of d.45. Within the edge bin itself. T used the parameters
from Eq. 7.6, and I didn’t change or adjust them for each bin. I do not have
enough events to constrain the edge parameters for each bin. However, the
edge EM parameters that we determined (iedge, Cedges fedge) are averaged
over all edge electrons. Therefore, we could expect that averaging over some
part of the edge region yields different values of those parameters. There
is no evidence of the second gaussian in the EM response of the non-edge
electrons and there should be a smooth transition between edge and non-
edge regions. It does not introduces any bias to the W mass, however, if Z
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and W azimuthal distributions are the same. The fitted W mass (Fig. 7.28)
shows that at the available statistical level there is no observable dependence
between the resulting W mass and the electron’s distance to the edge. 1

would expect to see the dependence if more statistics were available.
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Z/W fitted mass versus Distance to an Edge
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Figure 7.27: Variation of the EM scale across the CCEM module. The
distance d = 0.5 corresponds to the middle of the CC module. For the edge
bin (d < 0.1) @eqge is plotted as the EM scale. The figure at the bottom
is the fitted W boson masses. The EM scales from the top figure were used
to generate MC W mass templates. I used a double Gaussian EM resolution
for the CMS templates generation.
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Z/W fitted mass versus Distance to an Edge
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were used to generate MC W mass templates.
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Chapter 8

Other parameters

8.1 EM offset

The electron’s response in the CC calorimeter is parametrized as a linear
function (Eq. [7.1]) and the determination of the EM scale has been already
discussed in detail. Unlike the scale «, the EM offset 6 should not depend on
the properties of the material of the EM calorimeter but rather on the amount
of material the particle crosses before reaching the calorimeter. The material
is distributed uniformly in ¢, and the edge electrons on average should lose
the same amount of energy there as the non-edge electrons. I determine here
the EM offset using C-C events, and check that it is consistent with the C-C
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analysis value.

The EM response function for the non-edge electrons is given by Eq. [7.1]
and for the edge electron by Eq. [7.3]. We first correct the edge and non-edge
electron energies by the non-edge offset (dcc = —160 MeV [7]) and seek a
residual EM offset for the edge electrons degge resiqua- From Egs. [7.1,7.3],

with the above correction and M., = 2E,.E44(1 — cosw) we have:

< Mee >= OzMZLEP—F < f > (5edge residual (81)

where o is an effective EM scale equal to 0.34,/0ccQcqge + 0.660.; w is the
angle between the two electrons; M., is the measured dielectron mass; and
E“ is the energy of the non-edge electron. The function f is Z-(—cos®) The

MEE

factors 0.34 and 0.66 in the « equation are feqge and (1-feqge)-

The average M,. is a linear function of f, with the slope equal to the
residual edge EM offset. I plot the dielectron invariant mass in bins of f.
Figure 8.1 shows that the slope is consistent with zero, with x> = 8.9/9. This
means that d.qg. is consistent with the d.., because the electrons’ energies have
been corrected already by the ¢, offset. Since I do not see any evidence that
the edge electron’s EM offset is different from the non-edge electron, I have
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Figure 8.1: Average dielectron invariant mass as a function of f (Eq. 8.1) fit
with the < M,, >= const function, for the C-C Z sample (top figure) and
C-C Z sample (bottom plot). The slope of the line would be equal to any
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offset.
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assumed that edge electrons and non-edge electrons have identical offsets.

8.2 Underlying event energy correction

Some part of the recoil energy is deposited in the same calorimeter cells as the
electron, and is automatically included in the electron’s energy. This energy
has to be added to the recoil and subtracted from the electron. In fact,
the energy that has to be added to the recoil is not the same as the energy
that needs to be subtracted from the electron due to the zero suppression in
the calorimeter readout. This is true for non-edge and edge electrons. If it
were not for the electron, the cell under the electron shower might not have
had enough energy deposited by the recoil to exceed the readout threshold
and would have been zero suppressed. The difference between the energy
subtracted from the electron and added to the recoil has been estimated to

be 212 + 25 MeV [7].

The energy added to the recoil depends on the recoil momentum com-
ponent in the electron window, the electron’s n, and the luminosity. If the
recoil momentum is U', and the recoil component parallel to the electron’s
direction is U}, then the energy which has to be subtracted from the electron
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AFE and added to the recoil is AUH.

The amount of recoil energy deposited under the electron depends on
the distribution of the energy flow of the recoil, and is independent of the
electron’s ¢. The core of the electron’s shower is contained in a 0.2x0.2 cone
in n — ¢ space. The total cone where the electron’s energy is measured is
0.5x0.5. The size of the EM module ¢ is 0.2 rad. Every cone under the
edge or non-edge electron’s shower contains more than one EM module edge.
Thus the effect that the module’s edge has on the amount of recoil energy
deposited under the electron (AUj) should be the same for edge and non-
edge electrons, and in the analysis, I assumed the same AU correction as

in the non-edge analysis.

8.3 U efficiency

When significant recoil energy lies close to the electron direction, it broadens
the electron’s EM shower and in some cases can cause the electron to fail
some quality cuts which leads to a Uj-dependent loss in efficiency. Electron
isolation is the variable that is most sensitive to the value of U;. Most of
the inefficiency caused by large U)| is due to the electron failing the isolation
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cut. The U} efficiency has been estimated in the CC TV mass analysis
and is represented as a function of U). The efficiency is constant up to a
certain positive value of U) = ug, and drops linearly after that with slope
sg. The absolute scale of the efficiency is not important, but the dependence
on U is. Therefore, I compare the isolation distribution of the central and
edge electrons to see if there is any difference in their dependence on Uj.
The isolation of an electron is basically the fraction the electron’s energy

outside the cone of radius R = 0.2. R is the distance in ¢ — 1 space (R =

VAP? + An?).
F(R < 0.4) — EFM(R < 0.2)

I1SO =
50 EEM(R < 0.2)

(8.2)

where E(R < 0.4) is sum of the energy deposited in the cells of the CC EM
calorimeter and hadronic calorimeter within the radius 0.4 from the electron’s
shower centroid. EFM (R < 0.2) is the energy deposited in the four EM layers
inside the R < 0.2 cone.

In Fig. 8.2 I plot the SO distribution of edge and non-edge electrons,
normalized by the number of events. The average SO of the non-edge
CC electron is +0.38 in comparison to the 4+0.41 of the edge electron, or
1.08+0.15 lower than the edge electron isolation. Though the difference is not
statistically significant, we still decided to investigate a possible dependence.
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Figure 8.2: Edge (points on both figures) and non-edge ( solid line on both
figures) electron’s isolation distributions. On the bottom figure the non-edge
ISO is multiplied by 1.08 to obtain the same average ISO as the edge electron
average 1SO.
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Part of the reason for the difference is that the E#M (R < 0.2) counts only
energy in the EM calorimeter, and edge electrons have lost some of their
energy in the region of distorted electric field. The E(R < 0.4) — EFM(R <
0.2) can be rewritten as EY4P(R < 0.4) + EFM(0.2 < R < 0.4). EFM(0.2 <
R < 0.4) is the same for the edge and non-edge electrons. R > 0.2 is 1 CC
module away from the shower centroid and the position of the centroid (inside
the edge region or outside) does not matter any more. So the numerator is
the same, and the denominator is smaller, which leads to higher 150 of the
edge electrons. However, I found that a smaller E¥M(R < 0.2) accounts
only for 35% of the difference between average ISO for C-C and C-C Zs.
Another source of the higher ISO could be the worse EM resolution of the
edge electrons. The EFM (R < 0.2) distribution is broader, and it affects the

ISO shape.

Higher /SO means lower electron identification efficiency. But the overall

efficiency is irrelevant, and only the dependence on U) matters.

To see if the U) efficiency is affected T plot the normalized I.SO of the
electrons when U|| in the event is larger, or smaller, than 0. As above I
calculated the factor by which the non-edge IS0 has to be scaled to became
equal to the edge ISO. The factor is 1.08 £ 0.21 for U < 0 GeV, and is
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1.06 4 0.19 for U} > 0 GeV. Statistically these two factors are the same,
which indicates no shape distortion of the U} efficiency distribution. So I
use the same U}, efficiency for the edge electrons as for non-edge electrons

in the analysis.

8.4 Radiative event corrections

Due to the different EM response in the CC edge, the radiated photon has
to be handled differently for edge and non-edge electrons. When a photon is
merged with the edge electron in the MC, its energy is added to the electron
and then the total energy is smeared by the edge EM response and resolution
functions. The coalescence radius is R = 0.3. The radiated photon can be
within the coalescence radius of the edge electron, but outside the edge region.
In this case, the photon should presumably be smeared by the non-edge EM
resolution function. Smearing by the edge EM resolution function results in

a smaller energy contribution from the radiated photon.

If the photon is closer than a certain A¢ (the difference between electron’s
and photon’s azimuthal angle) to the electron it is within the edge region and
should be smeared with the edge EM response function. If it is farther than
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A¢ it should be smeared with the non-edge EM function. But in the MC we
still smear it with the edge EM function, which results in a smaller, by AF,
contribution from the photon’s energy. Figure 8.3 shows AFE as a function
of the cutoff A¢. From the Figure, the energy difference at half the edge
band (A¢ = 0.01) is 3.5 MeV, which results in 1-2 MeV shift in the W
mass. This was deemed negligible, and the MC has not been modified. In
the analysis, we smear radiated photons with the edge EM response and

resolution function.

8.5 W and Z EM fractions

The edge EM response parameters Eq. [7.6], vary somewhat with the EM
fraction (Figs. 7.8, 7.10). So it is important that the Z and W event samples
have the same EM fraction distributions. Figure 7.21 shows that there is no
statistically significant difference between them, so no corrections have to be
made, and the edge parameters (Eq. [7.6]) determined with the Z events can
be used to describe the EM response in the W events.
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Figure 8.3: Radiative events correction. If the radiated photon is more than
A¢ away from the edge electron the photon energy has to be smeared in the
MC with the non-edge EM resolution function and added to the electron’s
energy. If it were still smeared with the edge EM resolution function the av-
erage photon’s energy contribution to the electron’s energy would be smaller
by AE. I plot AE as a function of A¢. The points on the plot are obtained
using CMS MC simulations.
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8.6 Recoil response and resolution

The recoil does not depend on the position of electron in the calorimeter.
Therefore, the recoil response and the resolution are the same as described

in the C-C W paper [7].

8.7 Alignment and electron angular resolu-
tion

The alignment of the CDC and CC calorimeter is described in the CC W
analysis|7].

The calorimeter centroid position and the vertex position are used to
define a track’s ¢.

tan ¢ — Yeal — Yutx

Teal — Totg

Ttz Yotz Of the primary vertex position is known with good precision from
the beam position. The calorimeter ¢ resolution does change across the EM
module [18]. It is best when the electron’s position is at the edge of the cell’s
pads. For 50 GeV electrons, the spatial resolution is about 20% better at the
edge of a pad, compared to the middle of the pad. However, the effect of the
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better angular resolution on the W mass is included in the energy resolution
because the electron’s energy and angular resolutions both contribute to the
width of the Z mass distribution, with the angular resolution being a smaller
correction. Small variations of angular resolution get accomodated by a

change in the energy resolution.

The calorimeter centroid z position and track centroid z position are used
to define a track’s 6. The calorimeter 2z resolution is the same for edge and
non-edge electrons because there is no edge in z. The track’s z in the CDC
is measured with delay lines. The average drift time in the W and Z edge
events is different from non-edge events (because as noted in the Section 2
the middle of the CDC modules is aligned with the CCEM modules edges),
but the difference in the arrival time between two ends of the delay line is
not affected. So the CDC z resolution is the same for edge and non-edge

electrons.

8.8 Trigger efficiency

The electron EM2_EIS_HI trigger efficiency as a function of the electron’s
E} (turn-on curve) has been taken to be the same as in the CC W analysis.
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The possible effect on the edge electron is a 5% reduction in the electron’s
energy in 34% of the events, which can at most lead to a 300 MeV shift in
the electron’s energy for a 20 GeV electron. Such a shift has negligible effect
on the trigger efficiency.

The [, trigger turn-on curve does not depend on the position of the

electron and is the same as in [7].

8.9 Theoretical model

We used the same theoretical model to describe the production and decay
of the W boson as in previous W mass analyses. The error on the W mass
due to uncertainties on parton luminosity, the choice of the PDF function,

uncertainty due to the W boson p, distribution model remains unchanged.
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Chapter 9

Mass fits and error analysis

9.1 Mass fits

[ extract the W boson mass by fitting distributions of various quantities with
corresponding Monte Carlo templates. As in the EC and CC analyses, I use
distributions of W transverse mass (m(V)), electron transverse momentum
pe(e), and neutrino transverse momentum p;(v). I generate a set of MC
distributions of each of the above quantities for different central values of
W boson mass, called MC mass templates. I use the maximum likelihood
method described in Section 4.2 for the W mass fit. The background is added
to the MC templates with the fraction from Chapter 6. The fits yield ( see
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Fig. [9.2,9.3,9.4] ):

My = 80.596 + 0.234 GeV, X2 =45/29 m,(W) fit.
My, = 80.733 4 0.263 GeV, x2=38/39 p,(e) fit. (9.1)

My = 80.511 £ 0.311 GeV, 2 =45/39 p,(v) fit.

Errors are statistical only. The fitting windows are:

60 < m (W) <90 GeV, m(W) fit
30 < pu(e) < 50 GeV, pyle) fit (9.2)

30 < p(v) < 50 GeV, py(v) fit

Figs. [9.5,9.6,9.7] show the sensitivity of the fitted W mass to the choice of
the fitting windows. Changing the fitting window results in a deviation of
the fitted W mass from the values in Eq. 9.1 due to statistical fluctuations.
In the Figures, the points show the observed deviation, while the shaded area
indicates the 68% probability contour. The dashed line represents the sta-
tistical error of the nominal fit. Most of the data points are contained inside
the shaded area. The contours were obtained by generating an ensemble of
MC W samples (each of the same size as edge W sample), fitting them for
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Figure 9.1: C-C Z mass and fit -log(likelihood) distribution. Z mass is fitted
with CMS templates.
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Figure 9.2: Edge W transverse mass distributions, fitted with CMS templates

and the fit -log(likelihood).
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Figure 9.3: Edge W sample. Electron’s p;(e) distribution fitted with the
CMS templates and the fit -log(likelihood).
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Figure 9.4: Edge W sample. Missing E; distributions fitted with the CMS
templates and the fit -log(likelihood).
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the W mass and, for each fitting window, determining a fitted 1/ mass inter-
val containing 68% of samples. The neighboring points are not independent

because we fit the same set of events but just changing the fitting window.

9.2 Systematic error analysis

The fitted W mass is a function of all the parameters used in the MC model.
It also is a function of the experimental data (W statistics). I combine all
the parameters into the parameter vector P. Data is one of the parameters

which I call weqge. The full list of the parameters is presented below.

e IV mass statistics weqge (Statistical error)

EM scales . and ceqge

EM offset 6.

CDC scale g

EM resolutions (constant terms) c¢.. and cCeqge

Fraction of events with “edge” EM resolution feqg.

recoil response ay,qq, representing jointly ... and [,
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Figure 9.5: Variation of the fitted W mass with the m;(W) fit window limit.
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Figure 9.6: Variation of the fitted W mass with the p;(e) fit window limit.
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Figure 9.7: Variation of the fitted W mass with the p;(v) fit window limit.
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e recoil resolution c¢p,q, representing jointly the sampling term s,.. and

Omp
e U correction .

e U efficiency e, representing jointly the efficiency cutoff uq and slope

S0
e background b,

e radiative corrections as a function of coalescing radius ry and also an

uncertainty due to events with two radiated photons.

e theoretical modeling ¢ represented by a set of parameters: PDF uncer-

tainty, W width ['(W), W Pr spectrum, parton luminosity

The recoil response is parametrized by two correlated parameters ..
and .. but it is represented by a single parameter ;.4 in the W parameter
vector P. The uncertainty on the W mass from o,y was calculated by
adding in quadrature uncertainties from two uncorrelated variables along
the main axes of the a.e.-frec error ellipse. The details are given in [7]. The
uncertainty from the recoil resolution ¢,y was calculated in a similar way.
The U)| efficiency is defined by two highly correlated parameters ug and sg.
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The uncertainty on the W mass due to the U} efficiency was calculated by
fixing uy and propagating the error from the slope sy only. All theoretical

model parameters are assumed to be independent.

To get the uncertainty of the measured W mass, o(M), I propagate the
uncertainty of the parameters into the uncertainty of the W mass with the

method below.

The measured W mass Myy is a function F' of parameters P.

—

I take the convention that the lower case Latin indices run over set of
parameters, upper case Latin indices denote the set of measurements and
Greek indices denote the set of W mass measurements. I also assume a

summation over the repeated indices unless noted otherwise.

The variation AM is assumed to be a linear function of the vector of
variation of the parameter AP;. The variation AM; due to a variation of

the parameters P; is ( there is no implicit summation here)

OF
op;
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The full mass error is

AM = D;AP;, (with summation convention)

where D; is the vector of derivatives.

To obtain derivatives for each parameter P;, I generated MC mass tem-
plates with the parameter P; varied by one standard deviation, +o(P;). To
eliminate the effect from finite W statistics, I also generated a sample of
W events with unchanged parameters for comparison. [ fit the MC sample
with templates for the W mass and get two values My (P; + o(F;)) and

My (P; — 0(P;)). The derivative D; is then

My (P, + o(P)) = My (P, - o(P)
20(P)

Di:

The parameters P, are not independent and, if their correlations are
given by the covariance matrix F, then the error on the single W mass
measurement is

o(M) =< AMAM?” >= D, E;; D; (9.3)
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The parameters used in the MC are constrainted by the set of measure-
ments. Some of the measurements are correlated and not independent of each
other, and some are uncorrelated. We take those measurements that use dif-
ferent data samples to be uncorrelated. For example the measurement of the
non-edge CC Z mass is uncorrelated with the measurement of .45 because
these measurements are based on different data samples. Below is the full list
of measurements that help constrain the parameters used in our MC model.

In the parentheses I list all the parameters the measurement helps constrain.

e The Z mass fits for a,gg., using C-C Z’s (Cedge)
e The Z mass fits for cqq, using C-C Z’s (Cedge)
e The Z mass fits for feqge, using C-C Z’s (fedge)

e The Z mass measurements M7, using C-C Z’s
(CDC scale Bege, Oce, radiative events correction, a.., two vy radiative

event correction, parton luminosity ()
e CDC z calibration 0.4, (CDC scale S.q4.)
e CC EM offsets d,, using C-C Z’s (d)

e Gaussian width fitted to the Z peak o3 ¢, using C-C Z’s (Cecem)
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p¢ balance in Z events, using C-C Z’s (pqaq)

Width of p, balance in Z events o,,, using C-C Z’s (¢pqa)

e measurements of Uy correction (U))

o U efficiency (U efficiency)

constraints on theoretical model (PDF uncertainty, W width ['(W), W

pr spectrum, parton luminosity parameter 3)

The Z mass fits for cegge, Ceaqge and feqqe are correlated with each other,
and with the M5~ and 0% ¢ measurements. The rest of the measurements
are assumed to be uncorrelated. Let’s call the vector of measurements Y and
its covariance matrix V, (Eq. 9.6). Each of the measurements depends on,
and thus constrains, one or more parameters. To find the parameters that

describe the measured quantities, we have to do a fit to the data, minimizing

X%

Xzz[E_Fl(ﬁ)]‘/ylfl[YJ—FJ[ﬁ)] )

where V,

vy 18 the covariance matrix for the measurements discussed below.

Assuming again that in the vicinity of the x> minimum variation of Y isa
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linear function of P:

oYr
AY! = AP, = DIAP;
Top 7=

the minimum of the x? is reached when parameters P are equal to:

P = (D}V, ;5. DI) "' DMV, Y = AV Yy , (9.4)

and then parameter covariance matrix £ is given by

Eiyj=AN Ve Af (9.5)

as the result of the propagation of the Y errors to P errors [24].

I calculate the derivative matrix D’ in the same way as above. I vary the
measured quantity (such as Z mass) by one standard deviation, determine
the change in the parameter, and take the inverse ratio as the derivative. If
the measurement does not depend on a parameter then that corresponding
derivative is zero. Most of the measurements listed above have only one
non-zero derivative. The only measurement that depends on more than one
parameter is the CC Z mass measurement. It depends on ap., dc¢, Bede, To and
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the theoretical model.

As noted above, the measurements of (egge, Cedge and feqqe are correlated.
I calculate the correlation between them in a simular way to that described
above. I vary one of the measurement’s free parameters (P;) by one standard
deviation, which moves measurement Y; by o(Y;), generate a MC sample
using a MC grid in bins of other parameters ( generated with unchanged
parameters), fit for the parameters, and measure the variation of its fitted
value 0Y;. The correlation is

O'(Y})(SY]

=< AY,AY); >= —————~
Y o(Yr)o(Y7)

o(Yr)o(Y;) = —0Y;0(Y7) (9.6)

Yrg

Table 9.1 shows these correlations.

Measurements | M7 fit | o5 “ fit | cegge fit | Coage fit | feage fit
M7~ fits 1. 0. -0.05 -0.06 0.11
oy~ fit 0. 1. 0.003 -0.08 -0.15
(eqge fit 20.05 0.003 1. 20.06 0.14
Cedge fit -0.06 -0.08 -0.06 1. -0.49
Jedge fit 0.11 -0.15 0.14 -0.49 1.

Table 9.1: Correlation between edge and C-C Z sample measurements.

The above algorithm can be summarized by: fit the measurements for the
vector of parameters, obtain the parameter covariance matrix as the result
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of the fit, and propagate it to W mass uncertainty.

9.3 Systematic errors

Source My, mi(W) | My, pi(e) | Mw, pi(v)
Statistics 234 263 311
Edge EM scale (tegge) 265 309 346
CC EM scale (o) 128 131 113
CC EM offset (d.) 142 139 145
calorimeter uniformity 10 10 10
CDC scale 38 40 52
backgrounds 10 20 20
CC EM constant term c,. 15 18 2
Edge EM constant term c.qg. 268 344 404
Fraction of events (feqge) 8 14 22
Hadronic response 20 16 46
Hadronic resolution 25 10 90
U, correction 15 15 20
U) efficiency 2 9 20
parton luminosity 9 11 9
radiative corrections 3 6 0
27 3 6 0
PDF 0 64 9
Pr(W) spectrum 10 50 25
W Width 10 10 10

Table 9.2: Edge W mass errors, in MeV.

In order to use the above formalism all I have to know are the different
derivatives of measured quantities with respect to parameters used in the
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Monte Carlo model. T have calculated them, and used Eqs. 9.3 and 9.5 to

estimate the total uncertainty of the edge electron W mass measurements:

my(W) fit :
My = 80.596 + 0.234(stat) + 0.370(syst) = 80.596 + 0.438 GeV.

pe(e) fit : 07)

My = 80.733 & 0.263(stat) + 0.460(syst) = 80.733 £ 0.530 GeV.

pe(v) fit :

My, = 80.511 £ 0.311(stat) + 0.523(syst) = 80.511 £ 0.609 GeV.

Table 9.2 contains the relative contributions to the total errors from each

of the parameters individually.

9.4 Determination of EM scale for non-edge

electrons

9.4.1 CC EM scale

The Z C-C data sample brings new events which can be used to constrain not
only edge parameters, but also to bring down the uncertainty of the non-edge
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Figure 9.8: Z C-C events. Z invariant dielectron mass distibution max-
imum likelihood fit with CMS grids for a,. and c... The top plot shows
-log(likelihood) as a function of «., fitted with a parabola. The bottom plot
shows -log(likelihood) as a function of ¢, fitted with a parabola.
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EM parameters. I used the C-C sample to put additional constraints on the
non-edge EM scale a,. and the non-edge EM resolution constant term c... |
used the same approach as in section 4.3. I generated a 1-dimensional grid
of Z mass templates in bins of «,. and c.., and fit for the parameters. The

result is shown in Fig. 9.8.

e = 0.9552 £ 0.0023

Cee = 0.01 £ 0.01

The log(likelihood) value is such that ¢, is consistent with being zero as
well. Moreover, c.. is meaningful only if it is positive, and that is why I have

assigned an error equal to the value of the parameter itself.

The values from previous C-C Z’s fits [7] are:

(e = 0.9540 =+ 0.0008 (9.8)

Cee = 0.0115 T)-9027

The measurements are correlated with each other and with the edge pa-
rameters measurements. The correlation has been calculated using the above
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formalism and the values are presented in the Table 9.3.

Measurements Qe Measurement | Qiqge Measurement
Q. Measurement 1. -0.15
Qledge Measurement -0.15 1.

Table 9.3: Correlation between a.. and ae4g measurements using c-C 7
sample.

9.4.2 EC EM scale

We have also available a small data set of Z C-E events. They are less
powerful in constraining a,. or a,. than the Z C-C events because only one
of two electrons is sensitive to either of two parameters, but they still can
provide us with some improvement. As above, I generate a 1D grid of the Z
mass templates and fit for a.. and .., and calculate the correlations between

the two measurements to obtain:

e = 0.9559 £+ 0.0107

e = 0.9539 £ 0.0085
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The value from C-E and E-E Z’s fits [8] is:

Qe = 0.95179 £ 0.00187 (9.9)

Measurements | o, meas. | e, meas. | Qegge I1MEAS.
(lee Meas. 1. -0.95 0.
Qlee IMeAas. -0.95 1. 0.
Qledge IMeEAS. 0. 0. 1.

Table 9.4: Correlation between a.., (teqge and .. measurements using C-E Z
sample.

The results are in Fig. 9.9 and Table 9.4.

9.4.3 Combining CC and EC EM scales measurements
I can combine the above EM scale measurements with the previous CC and
EC EM scale measurements. The combined non-edge a.. is :

e = 0.9541 £+ 0.00075 , (9.10)

up by 0.0001 from the published value (Eq. 9.8) and with the error reduced
by 6%.
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Figure 9.9: Z C-E events. Z invariant dielectron mass distibution maxi-

mum likelihood fit with CMS grids for a.. and ...
-log(likelihood) as a function of «., fitted with a parabola. The bottom plot

shows -log(likelihood) as a function of a., fitted with a parabola.
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The combined a... is :

e = 0.95189 £ 0.00183 , (9.11)

increased by 0.0001 from the published value (Eq. 9.9) and with the error
reduced by 2%.

The implications of these new measurements are not limited to error
reduction only. It also means that because of the added C-C and C-E Z’s
statistics our knowledge of EM scales (CC and EC) has changed and we have
to refit C and E W’s using the new EM scale values. The refit W masses
are:

My = 80.438 +0.107 GeV, y*>=0.12/2 (CC)

My = 80.679 +0.209 GeV, y*> =4.0/2 (EC)

To be compared with published results :

My = 80.446 & 0.108 GeV, x> =0.12/2 (CC)

My = 80.691 4 0.227 GeV, x> =4.0/2 (EC)
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Chapter 10

Combination of D® W mass

measurements

There have been three previous analyses measuring the W boson mass with
the DO detector. One analysis using Run la data (m;(W) fit) and two
measurements using Run Ib data — central electron analyses (m(W), p.(e),
pe(v) fits) and EC electron analysis (m¢(W), pi(e), pi(v) fits). I can use the
formalism presented in Chapter 9 and expand Eq. 9.3 to the case of multiple

final measurements. I have a vector M of 10 W mass measurements:

e Runla W mass measurement (m, (W) fit)

e 3 CC W mass measurements (m;(W), pi(e), pi(v) fits)
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e 3 EC W mass measurements (m;(W), p;(e), p(v) fits)
e 3 Edge W mass measurements (m;(W), p(e), p(v) fits)

All of them depend on a vector of parameters P. The set of parameters

has to be expanded to include EC and independent Run la parameters:

Run 1la, CC, EC W mass statistical errors

e Run la systematical error independent from other W measurements

e EM scale a,. and offset o,

e I'DC scale fBfq. and FDC-EC relative scale [3,,

e EM resolution constant terms Coeem

e background b,

e U correction e,

o U efficiency e,

and a list of measurements (and the parameters they constrain in brackets)
that constrain them along with the above constraints from the 7 C-C and
C-E measurements.
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CC EM scales measurement with C-C Z events ()
CC EM scales measurement with C-E Z events (o)
EC EM scales measurement with C-E Z events (o)

The Z mass measurements MZE using E-E Z’s
(FDC scale Bf4c, 6ec, radiative event corrections, c.., FDC-EC relative
scale .., EC U correction, two v radiative event corrections, parton

luminosity )

The Z mass measurements M5, using C-E Z’s
(FDC scale Brae, 0ce, CDC scale Bege, (e, e, radiative event correc-
tions, a.., FDC-EC relative scale S, EC U} correction ., two 7y

radiative event correction, parton luminosity ()

FDC radial calibration 674 (FDC scale Bfq4.)

FDC-EC relative radial calibration 6,. (FDC-EC relative scale [3.)
EC EM offset dec (Occ)

Gaussian width fitted to Z peak 0°~¢¢, using E-E Z’s (Cecem)

Gaussian width fitted to Z peak 0°~¢¢ using C-E Z’s (Ceeem, Cecem)
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e measurements of EC U} (EC Uj| ue.)

o measurements of EC U} efficiency (U} efficiency e..)

Using Eq. [9.5] T calculated an expanded covariance matrix F and then
propagated it into a 10 by 10 covariance matrix of W mass measurements

E)s using the expanded version of Eq. [9.3]:

Eras = DY Ey; D} (10.1)

where Df* is the matrix of derivatives. Each row is vector of derivatives of

W mass measurement M, to vector of parameters P;.

oM,
op;

Dy =

[ then combine 10 W mass measurements by treating them as measurements

of the single parameter My, and fitting them minimizing x*:

N

X*= > (M, — My) Raog (Mg — My) (10.2)

Oé,ﬂil
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where R = E;; and indices «, 8 run over W mass measurements. The best

fit corresponds to

N N
My = (3 RapMa)/ 3 Rap
a,f=1 a,f=1
With uncertainty
N 1
o(Mw) = (). Ra)"®
a,f=1

10.1 Results

The combination of the edge W mass measurements gives:

My = 80.574 4 0.405 GeV, x*> =0.61/2 (Edge)

(10.3)

(10.4)

The three EC measurements have produced a smaller error than in [8] due

to additional constraints on the CC and EC EM scales added in this analysis

from C-C and C-E Z’s. The published W masses are:

My = 80.446 4+ 0.108 GeV, x* =0.12/2 (CC)

My, = 80.691 + 0.227 GeV, x2 =4.0/2 (EC)
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With the constraints from C-C and C-E fits to the CC EM scale ( but using

published a. and ), the three CC measurements give:

My = 80.446 & 0.107 GeV, x> =0.12/2 (CC)

With the constraints from C-C and C-E fits for the CC and EC EM scales

(using published o and a.):

My = 80.687 & 0.209 GeV, y*> =4.1/2 (EC)

Refitting C and E W’s using Eqgs. [9.10, 9.11] and reduced a,. and a,. un-

certainties (using new oy, and «,, values and reduced errors):

My = 80.438 4+ 0.107 GeV, x> =0.12/2 (CC)

My = 80.679 4 0.209 GeV, x> =4.1/2 (EC)

All non-edge measurements (smaller «,. and ae. uncertainties but published

values) :

My = 80.489 £ 0.085 GeV, y*>=5.5/6 (CC & EC & Runla)
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and with refitted C and E W masses( smaller a.. and a,. uncertainties and

new values) :

My = 80.481 4 0.085 GeV, x> =5.5/6 (CC & EC & Runla)

The W boson mass including all edge and non-edge measurements (but pub-

lished aue, e values):

My = 80.490  0.084 GeV, y*> =6.3/9 (Run I)

and the final Run I DO W boson mass including the edge electrons and

refitted non-edge W events and new a.., .. values :

My = 80.483 £ 0.084 GeV, x> =6.3/9 (Run I).

This final result of this dissertation is to be compared with the last published

Run I DO W boson mass measurement:

My = 80.482 + 0.091 GeV  (published Run I).
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Thus this analysis achieves a 7 MeV improvement (8%) of the W mass un-

certainty over the previous published result [8].
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Chapter 11

Conclusions

We have presented a new measurement fo the W boson mass. We used
previously unutilized ev events, comprising 14% of the total Run 1b W boson
statistics, with the decay electron measured by the central EM calorimeter.
These events come from the edges of the DO central calorimeter modules
and are characterized by a different EM response. In this dissertation, we
studied the detector response for these electrons and suggested a model that

describes them.

We then performed a maximum likelihood fit to the W — evr events and
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achieved the W mass uncertainty of

My = 80.574 £ 0.405 GeV

This value is consistent with the previous D@ and the world W mass mea-
surements. The uncertainty is dominated by the systematic uncertainty on
the parameters describing the EM response and the resolution of the edge
electrons. We made further use of the calorimeter’s module edges by utilizing
Z — ee events with one of the electrons in the edge region. We performed
the maximum likelihood fit to these Z events and extracted an improved
EM scale and resolution for the non-edge central and also forward electrons.
This measurement complements previous EM scale measurements performed
in the DO CC and EC W mass analyses. We have been able to reduce the
systematic uncertainty of the non-edge CC and EC W mass measurements,
leading to a smaller overall uncertainty on the combined Run I DO W mass

result :

My = 80.481 + 0.085 GeV

Together with the edge W mass measurement, the new DO W boson mass
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value is

My, = 80.483 £ 0.084 GeV

giving a 7 MeV improvement over the last published result.

This new result reduces the combined Tevatron W mass uncertainty by
2 MeV to 61 MeV. The world average W mass remains unchanged.

One of the benefits of the presented edge EM response model is that it
opens the way for other analyses requiring a precise knowledge of the electron
and photon energies measured by the central EM calorimeter to retrieve up

to 14% of otherwise lost statistics.
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_ Epn ; :
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